




APPLICATION IN MEMBRANE TECHNOLOGY  
 
 
Habilitation Thesis  
 
 







November 2020  
Acknowledgment 
The results given in this thesis were obtained in cooperation with colleagues from several 
departments, institutions and countries. I want to express my gratitude to all co-authors for their 
collaboration and contribution to my journey to academic life. 
I have a great opportunity of being a member of the Department of Environmental Technology at the 
Institute for Nanomaterials Advanced Technologies and Innovation of the Technical University of 
Liberec (CXI, TUL) and the Institute of Mechatronics and Computer Engineering at the Faculty of 
Mechatronics, Informatics and Interdisciplinary Studies of the Technical University of Liberec (FM-
TUL). My research in CXI-TUL has started the Department of nanotechnology and informatics at the 
Institute for Nanomaterials Advanced Technologies and Innovation of the Technical University of 
Liberec (CXI-TUL) in 2015. I want to express my gratitude to my former boss Prof. Jiri Maryska, 
who allowed me to conduct my research and encourage me to prepare my habilitation thesis.  
My professional research journey started in 2010, Department of Nonwovens and Nanofibrous 
Materials in Faculty of Textile of the Technical University of Liberec under the supervision of Prof. 
Oldrich Jirsak, who is one of the fathers of Nanofiber World. I would like to express my deep 
gratitude to my whole-life supervisor and guide, Prof. Oldrich Jirsak, who gave me many inspiring for 
being a researcher. 
Some of my research has been done in the Department of Process Engineering and Technology of 
Polymer and Carbon Materials, Faculty of Chemistry of Wroclaw University of Science and 
Technology under the guidance of Prof. Marek Bryjak. I would like to thanks Prof. Bryjak for his 
patient and friendly guidance and Dr. Anna Siekierka to open laboratories and to be such an excellent 
lab-mate to conduct our ideas into research. 
I would like to express my gratitude to Prof. Andrea Ehrmann in Bielefeld University of Applied 
Sciences, Germany, who always support and encourage me to write my habilitation thesis and 
cooperate in preparing international projects. 
I would also like to thank all my students, interns, and junior researcher from our research group 
during my research journey: Remi Roche, Nontawat Wutthikunthanaroj, Evren Boyraz, Izabela 
Gallus, Nazrul Islam, Selingul Isik, and Aysegul Gunduz. I wish you the best of luck on your research 
path. 
I would like to thank the companies Mogul Nonwovens (Gaziantep, Turkey), Elmarco (Liberec, 
Czech Republic), and NanoMedical s.r.o. (Liberec, Czech Republic) for sharing data related to their 
product properties. A special thanks to Mr. Fatih Bayindirli and Berat Kemal Boso from Mogul 
Nonwovens (Gaziantep, Turkey), Katerina Rubackova and David Brokl from Elmarco (Liberec, 
Czech Republic), and Marcela Munzarova from NanoMedical s.r.o. (Liberec, Czech Republic) for 
their kind communication during the preparation of the thesis. 
I am also grateful to my colleagues, Dr. Jakub Hruza, Ms. Klara Kucerova, and Mrs. Irena Berankova 
for their support. Special thanks to Frederick Tungshing Fung for the language-proofreading. 
Special thanks to my parents in Turkey, my brothers, sisters, and all the family for their love and 
support even though they do not understand what I am working on. And, of course, I would like to 
thank my beloved husband, Dr. Baturalp Yalcinkaya, for being there. Without the understanding and 
support of him, it would not be possible to write my habilitation thesis. 
Abstract: 
This habilitation thesis is prepared based on the author's contributions to the nanofiber membranes in 
water treatment. First, the author tried to determine the main problems why the nanofibers cannot use 
in water domain applications in the market, then tried to suggest solutions, solve and clarify each 
problem. The thesis provides a comprehensive description of the issue based on the current state of 
knowledge. 
The structure of the thesis is as follows: Chapter 1 is a general introduction that shows the main 
problems why the nanofibers cannot take place in liquid filtration. In Chapter 2, electrospinning 
process and parameters for the forming of the nanofiber web are introduced. We discuss the needle-
free electsopinning system developed by the Technical University of Liberec (TUL). Chapter 3 
focuses on membrane technology and nanofibers in membrane technology. Chapter 4 is represented 
the work of the author in cooperation with several authors from different institutions and countries in 
the field of nanofiber web formation, membrane preparation, application, and comment on their 
contribution to the scientific community. Chapter 5 is the conclusion of the work. In the Appendix 
part, the author includes scientific publications together with co-authors from the same or different 
institutions. 
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One-dimensional (1-D) nanostructures such as rods, tubes, wires, and fibers have attracted a great deal 
of attention because of their numerous applications in sensors, energy storage and generation, 
pharmaceutical and textile industries, air filtration, water purification, and environmental remediation. 
These nanostructures can provide unique advantages such as specific surface area, superior 
mechanical properties, nanoporosity, and improved surface characteristics. 1-D electrospun 
nanostructures-nanofibers are rapidly emerging as key enabling components in filtration application 
due to their unique specific surface area, tight pore size and highly porous structure, finer degree of 
filtration and better filter efficiency, the low-pressure drop across the filtration media, flexibility in 
filter configuration, and easy to modified surface. 
Currently, nanofibers have a significant market in air filtration such as turbine air filters, dust air 
filters, engine air intake filters, and vacuum bag filters, with an annual growth rate of around 35% 
[1,2]. Despite to huge potential of nanofibers in filtration technology, water domain applications are 
limited, require extensive investigation and development. To apply the nanofibers into water filtration, 
there is a great need to develop a novel nanofibrous structure with good mechanical strength and high 
permeability. The main problems why the nanofibers cannot take place in liquid filtration are given 
as; 
P.1. Not all polymers can form detect-free nanofibers: All polymeric materials that are currently 
used in membrane technology are not able to form nanofiber web.  
P.2. Not all the hydrophilic nanofiber is suitable to use in water filtration: Many of polymers used 
in nanofiber technology (polyvinyl alcohol, polyethylene oxide, polyvinyl pyrrolidone, 
poly(acrylic acid), cellulose acetate, chitosan, gelatin, etc.) can be dissolved, swollen or 
degradable underwater. 
P.3. Mechanical weakness of nanofibers underwater: Any slight tension can cause damage to the 
nanofiber surface. 
P.4. Higher cost compared to conventional nonwovens: significant cost differences of nanofibers 
compared to other traditional textile materials. 
P.5. Lack of selectivity for liquid-liquid separation: After forming hybrid structure, the selectivity 
of nanofiber membrane can be altered. In many cases, selectivity needs to improve. 
P.6. Life-span: Due to membrane fouling, the life-span of membranes reduces significantly.  
P.7. Cleaning: Cleaning is needed when the nanofibrous membranes fouled. So far, no cleaning 
method has been submitted for the nanofibrous membranes.  
P.8. Recycling and disposal: Since the final product is in a hybrid structure, recycling and 
disposal of the membranes are limited. 
P.9. Environmental effect: Chemicals and side products, risk of nanomaterials. 
The main aims of this thesis are to address each problem mentioned above and try to suggest a 






nanofibrous membrane filtration and have appropriate extensive specialized knowledge and 
techniques to the issues, it is significant to continue working in this field to commercialize the 
application area for the future market. 
The author follows a pattern to clarify each problem: First, the author introduces nanofibers and their 
preparation method using an industrial scale device. Then, the author’s contribution to parameters on 
this device to improve the quality of the nanofiber web which has been mentioned. After that, 
membrane technology, the requirement for a membrane, membrane modules, and separation systems 
have been explained to clarify what are the current situation of membrane technology in the market 
and how to improve it. The preparation of nanofiber membranes is explained step by step. The first 
step is focused on the preparation of nanofiber webs; the second step is related to how to improve 
mechanical strength to adapt nanofiber technology in membrane technology; the third step is to 
characterized methods that can be used for nanofiber membranes, and the fourth step is related to the 
improvement of surfaces for a better flux, selectivity, and anti-fouling property. In the fifth step, some 
of the current studies on nanofiber membranes are chosen for discussion; the disposal and the 
environmental effect of nanofiber membranes. As the last step, the author included own selected 
publications related to nanofiber membranes, how to enhance the application of various polymeric 
materials, and the mechanical properties of nanofibers using the lamination method. Also, nanofiber 
membranes at different liquid separations from seawater to oil/water emulsion have been included. 
The author mainly focuses on the nanofiber membranes as microfilter and their surface modification.  
The ultimate goal of the author is to clarify the problems and offer solutions for the application of 
nanofibers in liquid filtration. The author, therefore, publishes this thesis to introduce nanofiber webs 
into membrane technology. The author nevertheless extends the apologies to those scientists whose 
research findings have not been cited or discussed in this thesis. The present thesis shall be of interest 








CHAPTER 2-NANOFIBER TECHNOLOGY 
2.1. Electrospun Nanofibers 
The word “nano” comes from the Greek word “Nanos” which has meaning “dwarf”. In science, 
nanotechnology refers to a particle size smaller than 1 micron (1000 nm). Nano dimension is a 
billionth of a meter. According to dimension, nanomaterials can be classified in four groups as (a) 
zero-dimension (0-D) in which all three dimensions are in the range of 1 to 100 nm, (b) one-
dimension (1-D) in which one of the dimensions is limited to the nanometer scale, (c) two-dimension 
(2-D) in which two dimensions larger than 100 nm, (d) three-dimension (3-D) in which three 
dimensions larger than 100 nm, but components of their microstructures are at nanoscale. 
Nanofibers are a 1-D structure that has a fiber diameter below 1 μm. Nanofibers have ultimate 
properties compared to conventional fibrous structures. Such properties are low basis weight, high 
specific surface area (high surface-to-volume ratio), tight pore size and pose size distribution, porous 
structure, high permeability and gas diffusivity, good reproducibility, tunable size, and well-controlled 
orientation. Envied by those unique advantages, remarkable growth and interest have been engaged in 
filtration applications. 
Nanofibers can be fabricated using several technologies like island-in the sea, centrifugal spinning, 
melt-blown, phase-separation, freeze-drying, template synthesis, drawing, self-assembly, force-
spinning, and electrospinning. Among all technologies, electrospinning is the most common technique 
which is easy and simple to fabricate nanofiber webs. Even though the first electrostatic attraction of a 
liquid was observed in the 1600s [3], electrospinning technology has been patented first time in 1900s 
[4], since then the number of patents and publications about electrospinning has been increasing 
exponentially.  
2.1.1. Single-Needle Electrospinning System 
Electrospinning is an easy set-up that contains 3 major components; high voltage supplier (AC or 
DC), a solution feeding unit, and a collector (charged or grounded). A lab-scale electrospinning 
system is demonstrated in Figure 2.1. Basically, a high voltage supply is connected to a polymer 
feeding unit polymer. The collector is grounded or oppositely charged to the feeding unit. Under the 
applied voltage, if the electrostatic field overcomes to surface tension of polymeric solution/melt, the 
solution is accelerated and ejected towards to collector with whipping or splitting with reducing size. 
The solution is evaporated during ejection, and a solid fiber is collected onto the collector.  
 






Spinnability, defect-free structure, and uniformity of the fiber diameter are challenges of 
electrospinning technology. To address this problem, the effect of process and the solution parameters 
on electrospun nanofiber are studied. 
Parameters that can be changed by equipment setting are called as process parameters. These 
parameters are mainly applied voltage, the feed rate of the polymer solution, the distance between the 
collector and the needle tip, temperature of the solution, and ambient parameters. Parameters that are 
related to solution properties are called as solution or system parameters. Viscosity, concentration, 
molecular weight, surface tension, conductivity, and dielectric properties of polymer solution are the 
main system parameters. More information is given in the needle-free electrospinning system part. 
Single needle electrospinning system is only suitable for lab-scale production; highly productive 
systems have been developed to fulfill industry needs. One of the important electrospinning systems 
for bulk production has been developed and patented by the Technical University of Liberec in 2005 
[6] and commercialized in Elmarco s.r.o. Company with the trade name first generation of 
Nanospider. Since then, the application of nanofiber material in our daily life is fastened in the Czech 
Republic.  
In the following sub-title, we focus on the needle-free electrospinning system in detail, which brings 
us to the point where we are today. There is plenty of new technology for the industrial production of 
the nanofiber.  However, the author would like to focus on the roller electrospinning system to show 
each step of its’ contribution to the roller electrospinning parameters to the end-use of nanofibers in 
membrane technology. Thanks to the developments of industrial production devices, we are able to 
use nanofibers in our daily life. 
2.1.2. Needle-Free electrospinning system (Roller electrospinning) 
In 2003, Jirsak et al. tried to develop needle-free roller electrospinning system for the bulk production 
of nanofibers and a new nanofiber production method was developed [6]. In roller electrospinning 
system, there is a rotating roller immersed in a solution bath which is connected to high voltage 
supplier. On the opposite side, a metallic collector (grounded or charged) is placed under a conveyer 
supporting material (antistatic nonwoven or silicon paper) as shown in Figure 2.2. Different from 
single needle, many Taylor’s cone are forming on the surface of the roller at the same time to fasten 
production. 
 






Parameters of roller electrospinning system are more complicated compared to needle electrospinning 
systems due to different technological approaches. In the roller system, the parameters are classified 
as (a) independent parameters and (b) dependent parameters, as shown in Table 2.1. All these 
parameters are related to “Chapter 1-Introduction, P1”. To solve “P1”, one should focus on the 
parameters of the electrospinning system. Since there are plenty of parameters, herein, we described 
only selected parameters. It should be noted that, all these parameters affect the spinnability and 
quality of the nanofiber webs. 
Table 2.1. Dependent and independent parameters of roller electrospinning system [7] 
Independent Parameters Dependent Parameters 
 Polymer solution properties 
(concentration, viscosity, 
composition,  surface tension, 
conductivity, molecular weight) 
 Applied voltage 
 Distance between electrodes 
 The velocity of rotating roller* 
 The velocity of take-up fabric 
 Geometry of electrode 
 Geometry of collector 
 Ambient conditions (temperature, 
relative humidity) 
 Number of cones, the density of jets 
 Lifetime of jets 
 Spinning performance, spinning 
performance/per jet 
 Total average current, current/jet* 
 The thickness of the polymer solution 
layer on the surface of the roller* 
 Force acting on a jet* 
 Spinning area* 
 Distance between neighboring jets* 
 Jet length in the stable zone 
 Diameter and distribution of 
nanofiber 
 Non-fibrous area 
 Launching time of jets 
*The parameters defined or studied by the author and introduced to literature. 
2.1.2.1. Selected electrospinning parameters 
Concentration/Molecular Weight /Viscosity: The electrospinning process requires high molecular 
weight polymers to initiate the spinning process. During electrospinning, a certain amount of chain 
entanglement is needed to keep the solution jet coherent. At low concentration or molecular weight, 
the jets break and create beads instead of fibers. As a result, spinning quality decreased. At high 
concentration or molecular weight, the charged jet does not break up into small droplets due to an 
increase in the viscoelastic force and thick fibers or non-fiber structures form. Shenoy et al. suggested 
the number of entanglements/chain must be bigger than 2.5 to fabricate nanofibers [8]. The viscosity 
of the solution depends on concentration, molecular weight, solvent type, shear rate, pressure, and 
temperature. The intrinsic viscosity [η] of many polymer solutions is given by the Mark-Houwink 
equation (2.1); 
[η]= KMα  (2.1) 
where M is the molecular weight, and K and α are constants for particular kinds of polymer and 
solvent. The value of α varies from 0.5 for a random coil to 2 for a rigid rod [9].  
The relationship between solution concentration-molecular weight and fiber structure is studied by 







Figure 2.3. The changes in the surface morphology of nanofibers by molecular weight and 
concentration [7]. 
The image indicates that bead structure, fiber quality, and spinnability of polyvinyl butyral (PVB) 
nanofibers are very much changed by the molecular weight and concentration of the polymers. 
Surface Tension: The electrospinning process initiates once the electrostatic force on polymeric 
solution overcomes to surface tension and forms a cone called as “Taylor’s cone”. For a higher 
surface tension, a stronger electric field is required. To avoid a high electric field, generally, 
surfactants are used in the polymer solution to reduce surface tension. A higher amount of surfactant 
can cause polymer droplets during spinning, which can result in a bad quality of nanofibers. The 
relationship between the amount of non-ionic surfactant and polyvinyl alcohol (PVA) nanofiber 
surface morphology is studied by the Author as shown in Figure 2.4 [7].   
 
Figure 2.4. Effect of surfactant concentration on the surface morphology of PVA nanofibers. 
Conductivity and permittivity: during the electrospinning, the stretching and whipping or splitting of a 






surface charge of the Taylor’s cone can be changed by changing the solution conductivity. Uniform, 
defect-free and thinner nanofibers can be fabricated by controlling the conductivity of the solution. In 
literature, it was suggested that an acceptable range of conductivity in electrospinning is changing 
from 10-6 to 10-2 (Ω.m)-1 [10]. By lowering the permittivity, the electric charge transfer is getting 
higher in the solution. It was also suggested that the best relative permittivity value for the 
electrospinning is between 5 and 30, with a limit not exceeding 100 [10]. To increase the conductivity 
of the polymeric solution, generally salt is used. 
The velocity of rotating roller*: Rotating roller speed is associated with the feed-rate of the solution. 
High rotating speeds mean more solution can carry to the surface, but also fast-moving of roller. 
When the roller is too fast, there will be not enough time to born a new Taylor’s cone or less amount 
of cones are formed. Oppositely, the low speed of the roller can cause not enough feed on the roller 
surface, and as a result, no fibers form (Figure 2.5). The feed rate controls the quality, spinnability and 
the amount of fibers formed on the support. 
  
Figure 2.5. Relationship between roller speeds, feed rate fiber surface morphology [5]. 
The feed rate calculated by the equations 2.2-2.4: 
the linear-velocity of the roller surface  (ν) is equal to 
                                   ν = Ꞷ*π*d/60  (m/s)                                       (2.2) 
and the voluminous feed rate ύ 
                                      ύ = h* ν* ℓ  = h*Ꞷ*π*d* ℓ/60  (m3/s)                    (2.3) 
The voluminous feed rate of polymer solution per 1 meter length of roller ύ/ ℓ is equal to 
                                                  ύ/ ℓ =  h*Ꞷ*π*d /60          (m3/s/m)                   (2.4) 
where, h is the thickness of solution layer (m), Ꞷ is the angular speed of roller (rpm), d is the roller 






Total average current, current/jet: Many researchers tried to focus on the current-voltage relationship 
in electrospinning process. Fallahi et al. used power law and showed current ~ (voltage)2.53  [11]. In 
another approach, it was shown that the current did not only depend on voltage but also conductivity 
[12]. The relationship between current-voltage-conductivity was shown as I~E*Q0.5*K0.4. Some other 
works indicate that the feeding rate also has an importance on the jet current [13,14]. In our case, we 
tried to measure the total current of the electrospinning process since there is more than one Taylor’s 
cone forming and then they are divided into the number of cones for evaluating the current per one jet. 
For this aim, the following set-up was built, as shown in Figure 2.6. The number of Taylor’s cone on 
the whole surface of the roller was counted using a high-speed camera simultaneously with a digital 
multimeter, which measures the total current. 
 
Figure 2.6. Measurement of total current on roller electrospinning system [5]. 
This work is currently used on nanofiber production devices to determine the stability of the spinning 
process. If the process is stable, the total current does not change. In case any problem happens during 
spinning (such as not enough feed, changes of humidity or temperature, breaking of wire on wire 
spinning, etc.), the total current changes are due to changes in total number of Taylor’s cone. The 
operator generally stops the process and controls all parameters. Our contribution to the nanofiber 
web is to control the stability of the process. 
Besides the used electrospinning technology, the type and the property of the material are very 
important in nanofiber preparation. For instance, not all polymeric materials can form nanofibers. To 
improve fiber-forming, many authors tried to change the solution properties (conductivity, viscosity, 
surface tension, so on), cross-linking, or prepare a polymer mixture with a suitable spinnable polymer. 
Polymer mixing offers not only spinnability but also an easy way to obtain new materials by 
combining various polymers. The polymer mixture is generally used to improve chemical and 
mechanical resistance, strength, and thermal stability. Using the mixture method, one can try to 
overcome the problem in “Chapter 1- P1, P2”. For this purpose, the author prepared a series of 
experimental work published in [15]. More details are given in “Chapter 4-4.1.1. Improving 
Nanofiber Quality for Water Filtration”. 
2.2. Application of Nanofibers 
The technology of the electrospinning was first patented in 1931 [16], since then a series of 
technology development has been continuing untill now. Electrospinning allows a wide range of 
material from natural to synthetic, ceramics, metals, metal oxides. In the past few decades, the 
electrospun nanofibers has been successfully exploited with a wide variety of applications includes 
the textile application, sensors, batteries, catalysis, biomedical application, defense, optical 
electronics, environmental protection, air and liquid filtration, etc. Compared to traditional fibrous 
materials nanofiber market has limited the growth of polymer nanofibers in the global market due to 
high production cost. Nowadays, highly productive industrial devices are developed to compete 






key players/manufacturers mentioned in the global market research report are; Elmarco (CZ), DuPont 
(US), Hollingsworth & Vose (US), Yamashin (JP), Respilon Ltd (CZ), Donaldson Company, Inc. 
(US), Teijin Limited (JP), Ahlstrom Corporation (Finland), ACS Material (US), Verdex Technologies 
(US), Inovenso (TR), eSpin Technologies (US), SNS Nano Fiber Technology (US), Finetex (Korea), 
Revolution Fibres (NZ), Nafigate (CZ), Toray Industries, INC. (Japan), Nanoflux Pte Ltd (Singapore), 
Nanovia (CZ), Nano Medical s.r.o (CZ). 
Nanofibers have 80-95 % porous structure, which makes it very suitable to remove dust particles, 
aerosols, fine particles in micron sizes, fine liquid droplets. Consequently, nanofibers find their place 
in the air filtration market. There is still lack of application for liquid filtration. The reason has been 
discussed in “Chapter 1” under the main problems. Liquid filtration is a topic that is of enormous 
importance around the world. Only a few companies tried to commercialized nanofibers in water 
purification. These companies are Liquidity Nanotech Corporation, Coway, Pardam Nanotechnology, 
and SPUR Nanotechnologies [17]. There is a need for research on the topic of nanofibers in water 
filtration. In the following chapters, nanofiber in membrane technology and how to prepare nanofiber 







CHAPTER 3-NANOFIBROUS MEMBRANES 
3.1. Membrane Technology 
Membrane technology is playing an important role in chemical technology and is used in a broad 
range of applications, including water treatment for domestic and industrial water supply, beverages, 
food, dairy, paper and pulp, biotechnological, chemical, pharmaceutical, metallurgy, automotive, 
textile, and other separation processes. Membrane technology has a short but expedited history in 
commercialization. Even though the first microporous membrane was prepared in the early 1900s 
[18],  the first asymmetric membranes have been developed in the 1960s [19] for industrial scale-
application. The period from the 1960s to 1980s, membrane technology blossomed, and significant 
changes were produced [20]. The main problems had been studied and addressed during past years on 
membrane-based separation processes were too unreliable, very slow, unselective, and too expensive. 
Over the years, modern membrane science has been focused on the main problems, and significant 
improvement has been achieved.  
The membrane (which is prepared from polymers, inorganics, or metals) is a permeable or semi-
permeable barrier that restricts intimate contact between two homogeneous phases and prevents the 
movement of certain species across their structure. There are many ways to classify the membranes: 
(a) by composition: natural, polymeric, ceramic, and metallic, (b) by form: solid or liquid, (c) by 
morphology: symmetric (isotropic) or asymmetric (anisotropic) membranes (Figure 3.1) (d) by 
separation regime: reverse of forward osmosis, distillation, dialysis, electrodialysis, electrofiltration, 
pervaporation, nanofiltration, ultrafiltration, and microfiltration, (e) by geometric shape: flat, spiral, 
tubular, or hallow, and (f) by charge: electrically charged or neutral, [21]. Some of the membrane 
classifications are discussed in the following sections. 
 
Figure 3.1. Symmetric and Asymmetric membranes 
Although the membrane technology offers a solution for separation technology, there are still some 
problems that require to be solved, such as; 
 Flux: the flux of membranes decreases in time due to fouling, which reduces 
membrane life-span and increases the cost. 
 Lack of selectivity: in many cases, selectivity needs to improve 






 Mechanical resistance: some of the materials cannot withstand abrasion, temperature, 
and pressure. 
 Chemical resistance: some of the polymeric membranes cannot withstand chemicals. 
More information is given in the following sections for a better understanding of membrane 
technology.  
3.1.1. Membrane Morphology 
3.1.1.1. Symmetric Membranes 
Symmetric or isotropic membranes are described as the membranes with pore size, morphology, and 
composition close to a uniform and homogenous structure throughout the depth of the membrane and 
are generally used in dialysis, microfiltration (MF), and ultrafiltration (UF) applications. Symmetric 
membranes can be prepared in the form of microporous, non-porous dense or electrically charged, as 
shown in Figure 3.1.  
Symmetric microporous membranes are highly voided structure, randomly distributed pores with pore 
diameter changes from 0.01-10 µm, and have rigid structure [22]. The pore structure is straight and 
sponge-like, and the membrane can be dense. Most MF and UF membranes use symmetric 
microporous membranes to perform the separation. 
Non-porous or dense membranes have dense film through. Dense films are prepared by solution 
casting followed by solvent evaporation or melt extrusion. The permeate transport is controlled by 
diffusion under the driving force of pressure, concentration, or electrical potential gradient. These 
types of membranes are generally used in gas separation, pervaporation, and reverse osmosis. 
Electrically charged membranes have positively or negatively charged ion in their pore walls, which 
have a dense and porous structure. The concentration and the charge of ions are affected by the 
separation process. Membranes with positively charged ions are called anion-exchange membranes 
due to the binding of anions in the feed solution. Membranes with negatively charged ions are called 
as cation-exchange membranes.  These types of membranes are mostly used for processing electrolyte 
solutions in electrodialysis. 
3.1.1.2. Asymmetric Membranes 
In asymmetric membranes, the transport rate of permeate through the membrane is inversely 
proportional to the membrane thickness. Pore diameter and porosity change considerably through the 
membrane cross-section. Generally, the skin layer of 0.5-5 µm is on the top of a porous support layer 
of 50-200 µm thickness. The top skin layer is used as a selective layer for the separation process. 
Because of the thin selective layer, the flux and permeability are usually very high. The porous 
membrane support layer under the thin film is to provide mechanical stability. Asymmetric 
membranes are mostly used in reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF) and 
microfiltration (MF). Asymmetric membranes can be prepared in the form of Loeb-Sourirajan 
structure or thin-film composite structure, as shown in Figure 3.1.  
In 1963, Leob and Sourirajan developed the first asymmetric membranes using the phase inversion 
method by applying a single polymer in which porosity and pore size changed through the wall of the 






immersing the prepared film into a non-solvent system. Mainly hydrophobic polymers are used in the 
phase separation technique; water is used as non-solvent. 
Thin film composite membranes usually have highly porous substrate coated with a thin dense film of 
a different polymer. There are several methods to prepare thin film composites which are including 
interfacial polymerization, plasma polymerization, solution coating, or surface treatment [21]. 
The disadvantages of asymmetric membranes are (a) using a single polymer, (b) preparation of high 
customized polymers is costly, and (c) only a small amount is produced [23]. To overcome all these 
problems, composite membranes are produced. In the composite structure of asymmetric membranes, 
at least two different layers are used, as the author uses in this thesis. The top thin layer is the 
selective layer, while the porous bottom layer supports mechanical stability. The advantage of the 
asymmetric composite layer is the high flux, and almost all commercial process uses such 
membranes. Compared to symmetric membranes, asymmetric membranes have several advantages 
such as: 
 The skin layer of asymmetric membranes plays a screen filter role which not allows to 
particulate matter within the membrane itself. 
 Asymmetric membranes seldomly block in the same way as do symmetric membranes. 
 Since the residual particles collected only on the surface, not the entire membrane cross-
section, that cleaning is relatively straightforward. 
3.1.2. Membrane Separation Regime 
The membrane separation process changes according to type and configuration, mechanism of feed 
component transport, pore size and, the nature of driving force [23]. Membrane operation can be 
categorized as; 
 Pressure-driven separation process: reverse osmosis (RO), nanofiltration (NF), ultrafiltration 
(UF), and microfiltration (MF).  
 Partial-pressure-driven processes: such as pervaporation (PV) 
 Concentration-driven processes:  such as dialysis and forward osmosis (FO).  
 Temperature driven processes: such as membrane distillation (MD). 
 Electrical-potential-driven processes: such as elctrodialysis (ED). 
In this thesis, we focus on the pressure-driven separation-process for the nanofibrous membranes. For 
this aim, the rest of the work concentrates only on microfilters to avoid excessive information related 
to membrane technology. The differences in the pressure-driven membrane process are their pore size 
and related selectivity, as shown in Figure 3.2. Because of pressure on the feed solution, a major 
portion of the solution can pass through the semi-permeable pressure-driven membranes.  
 






Due to the smallest pore size, RO system can remove ions and monovalent. NF system is suitable to 
remove ions, dissolved organics and low-molecular-weight contaminants. UF system is suitable to 
remove macromolecules, such as proteins and small colloids, and viruses. MF is suitable to remove 
particulates, bacteria, oil emulsion and other larger colloids. 
3.1.2.1. Microfiltration 
Microfiltration (MF) is a process mainly made from polymeric materials with a highly porous 
structure (80% and up) and uniform pore size. The suspended particles or molecules with the 
diameters ranging from 0.1-10 µm can be separated using microfilters under the pressure range 1-4 
bar [25]. MF is suitable for symmetric and asymmetric membranes and separation processes typically 
based in the sieving mechanism (physical separation of the particle due to smaller pore size). Particle 
separation is influenced by interactions between the membrane surface and the solution. Since the 
membrane structure highly porous, the flux is high and hydrodynamic resistance is low. The 
membrane flux is directly proportional to the applied pressure difference. The key parameters of 
membrane performance are its flux and retention characteristics. 




. ∆𝑝       (3.1) 
where, 𝑑 is a series of cylindrical capillary pores of diameter, 𝑞 is flow through a pore, ∆𝑝 is the 
pressure difference across the pore, 𝜇 is the liquid viscosity, 𝑙 is the pore length. The flux (𝐽) is the 
sum of all the flows through the individual pores is given in equation 3.2, and the number of pores per 












. 𝑑2 (3.4) 
Ideally, the membrane would be capable of rejecting all particulate matters above a specified size or 
molecular weight completely. Due to the different pore diameters in real membranes, the cut-off is 
imperfect, and some particles may be passing through the membrane and retentate. Membrane 





where, 𝑅 is rejection, 𝐶𝑟 and 𝐶𝑝 are the concentration of particle in the retentate and the permeate at 
any point during the filtration process. 
Dead-end filtration widely used in the microfilters. In dead-end filtration, the feed and permeate are 
both perpendicular to the surface of the membrane, and the retained materials accumulate on the 
surface. As a result, a layer of retained particles forms a cake layer—the cake layer thickness 
increases in time and prone to fouling. Eventually, membrane flux decreased and needs to clean 






Another filtration system used in microfilters is cross-flow. In this system, the feed stream flows 
parallel to the membrane's surface, thereby reduces resistance to flow. The cake layer is lower than 
the dead-end due to the shear force exerted by the flowing feed stream on the membrane surface. To 
minimize the impact of the accumulation of particulate material, the velocity of the cross-flow can be 
lowered to several meters per second—still, membranes flux decline in time due to membrane 
fouling. Occasionally, membrane cleaning and sterilization is needed.  Generally, organic polymers, 
inorganic materials (such as ceramics, carbon, metals, and glass) are used in microfiltration, which 
must be able to resist the mechanical, the chemical, and the thermal stresses after cleaning and 
sterilization. 
The proper filtration mode should be selected according to fluid composition, membrane material, the 
selectivity of the membrane, filtration module geometry, and cleaning methods. The differences 
between dead-end and cross-flow filtration can be summarized in Table 3.1. 
Table 3.1. Differences between dead-end and cross-flow filtration. 
Dead-end system Cross-flow system 
The feed direction is perpendicular to the surface 
of the membrane 
The feed direction is parallel to the surface of the 
membrane 
Requires frequently backwash Less frequent requirement for backwash 
Require higher backwash flux rates Lower backwash flux rates 
Require low energy Higher liquid removal rate 
Require for higher flushing flux rates Lower flushing flux rates 
No recirculation Higher membrane life-span 
Microfiltration is suitable for; 
 removing oil from oilfield-produced water, 
 removing of particles from liquid and gas streams, 
 clarification, separation, and purification of proteins, 
 clarification and sterile filtration of heat-sensitive solutions, 
 clarification of fruit juice, wine, beer, etc. 
 purification, gas filtration, process solvent recovery in the chemical industry, 
 production of pure water in the electronics industry, 
 wastewater treatment 
Microfiltration is used as a primary step for the process of drinkable water and is employed in the 
food and dairy industry, the metal industry, the pharmaceutical industry, and the textile industry. 
In this thesis, polymeric electrospun materials are used to prepare membrane microfiltration. Suitable 
polymeric materials in membrane technology and their properties in terms of advantages and 
disadvantages are given in Table 3.2. 
The selection of polymeric material should be made according to availability, stability under a range 
of chemical conditions, formable (withstand stretching), must be approved for food or water contact 






Table 3.2. Commonly used polymers in membrane technology 
Polymer Properties 
Polyvinylidene fluoride (PVDF)  High chemical and thermal stability, high 
tolerance to oxidizing agents. 
 Highly hydrophobic 
Polysulfone (PSf) o Stable structure, pH and temperature 
resistance, good chlorine resistance, good 
chemical resistance and easy to prepare. 
o Low mechanical strength 
Polyacrylonitrile (PAN)  High resistance to oxidation, high 
resistance to hydrolysis,  
 Hydrophobic, require co-polymer to 
make less brittle 
poly (tetrafluoroethylene) (PTFE) o High chemical and thermal stability 
o Highly hydrophobic, difficult to 
processing in phase-inversion 
Polyamide (PA)  pH and temperature tolerance. 
 Not good with regards to chlorine 
tolerance and biofouling tendencies 
Polypropylene (PP), polyethylene (PE) o Inexpensive 
o Hydrophobic, low thermal stability 
Cellulose acetate (CA)  Hydrophobic, good for reducing the 
membrane fouling, pore size can be 
varied, easy to prepare, inexpensive. 
 Very sensitive to temperature and 
pressure, narrow pH range to work 
between 3-6, highly biodegradable. 
polyethersulfone (PES) o Favorable selectivity-permeability 
characteristics, easy to processing, good 
mechanical and thermal properties, 
dimensionally stable 
o Hydrophobic, high cost, processing at 







Membrane modules are designed to achieve an efficiency of membrane fouling prevention, different 
characteristics on the hydrodynamic conditions, energy consumptions, etc. Four types of modules are 
used in membrane technology: flat-sheet, spiral wound, tubular, and hollow fiber. 
The flat-sheet module is the simplest configuration, consisting of two end plates at the bottom, the 
selective flat sheet membrane on the top, and spacers. Compared to energy consumption, cost, and 
packing density, flat-sheet modules lie in between spiral-wound modules and tubular modules. 
Spiral-wound modules are similar to that of flat sheet modules consisting of a membrane envelope 
wrapped around a perforated central collection tube in a spiral configuration. A mesh-like spacer 
separates two membrane sheets. Pressure drop is relatively high, high surface area, and it has the 
lowest capital cost compared to other systems. Also, the particles can block mesh-like spencer and 
feed channels easily. Therefore, this type of module requires the minimum content of suspended 
particles in the feed.  
In tubular modules, are a certain number of membrane tubes assembled in one tube (internal diameter 
is 5 - 25 mm, length is 0.6 - 6 m), and the feed solution is pumped through the tube. Using mechanical 
or chemical cleaning methods, this type of module can be easily clean. Compares to other modules, 
tubular modules have the lowest surface-area-to-volume ratio. 
Hollow fiber modules used for seawater desalination consist of 50–3000 individual hollow fibers, 
which are bundled and sealed together on each end with epoxy and placed in a pressure vessel. 
Compared to other modules, hollow fiber modules have the highest surface-area-to-volume ratio and 
economical energy consumption. However, the big particles may block the fibers in the cleaning 
process. 
3.1.2.2. Polymeric Membrane Preparation Methods 
Several parameters affect the membrane preparation method, which is depended on the selection of 
polymer type and the desired structure of the membrane. The preparation method can be categorized 
as phase inversion, interfacial polymerization, track-etching, stretching, and electrospinning. The 
phase-inversion method is the most common technique among all.  
The phase-inversion method is a demixing process in which the process of controlled polymer 
transformation from a liquid phase to a solid phase. This technique allows us to prepare a porous 
membrane with a large form of structure, and it was first suggested in 1977 [26]. Selected polymer 
and additives used in the casting solution affects the membrane structure and properties. Phase 
inversion membranes can be prepared in various ways as (a) wet process, (b) dry process, and (c) 
thermal inversion process. (a) In wet phase-inversion process, the polymeric solution forms a film by 
casting method, and the solvent partly evaporated before immersing into a non-solvent water system. 
Precipitation takes place due to solvent and non-solvent exchange. Then membranes are heated to 70-
90 °C to form a void structure. (b) In the dry phase-inversion method, a solvent and non-solvent in 
different evaporation rates are used to prepare a polymeric solution. After thin film casting, a more 
volatile solvent evaporates faster and creates voids and pores.  (c) In the thermal phase-inversion 
method, a mixed or single solvent polymer solution is first heated to form a single-phase and then 
cooled down to induce phase separation and solidify the polymer. Later, the solvent is removed 






The interfacial polymerization method is used to form thin film composite membranes that the method 
is mainly for RO and NF. This method was developed in 1980 [27]. In this method, two reactive 
monomers are used. First, the supporting material is immersed into an aqueous solution of diamine or 
polyamine, and then the amine-impregnated membrane immersed into the second monomer solution 
of a diisocyanate in hexane.  These two reactive monomers react at the organic/aqueous interface and 
form a PA thin layer. The final membrane is treated with heat to form cross-linking at 100-110 °C. 
Generally, the thickness of the thin film is between 100-300 nm. Membrane thickness, surface 
roughness, morphology, and surface charge determine membrane permeability and selectivity  
[23,28].  
The Track-etching method is used to form pores on a dense film of a polymer by producing latent 
tracks via irradiation with high-energy, heavy ions followed by preferential chemical etching of the 
particle tracks and available since the 1970s [29]. Using this technique, it is possible to form uniform 
pores with cylindrical geometry [30]. Porosity and the pore size are depending on the duration of 
irradiation, etching time, and temperature. 
The stretching method is used extruded dense films of semi-crystalline polymers such as PE, PP, and 
PTFE to prepare porous membranes. Pores are formed due to the stretching of the film—pore size 
changes between 0.1-3 µm [30]. The polymer includes melt-extruded, annealing, stretching, and heat 
treatment. The structure of the membrane depends on the polymer type, extrusion draw ratio, 
stretching rate, and the temperature. 
The electrospinning method is an easy and versatile method to prepare highly porous (more than 80% 
void structure) webs with tight pore size. Electrospun membranes show excellent performance over 
conventional membranes due to high porosity, tight and adjustable pore size with a narrow pore-size 
distribution, and functionalized surface. More information related to the preparation of electrospun 
nanofiber webs is given in Chapter 2. A separate sub-title is prepared in this chapter for the role of 
nanofibers in membrane technology and preparation method. 
3.2. Membrane Structural Properties 
Besides the membrane module configuration and operation conditions, membrane performance, 
selectivity, permeability, and fouling are affected by membrane crystallinity, porous structure, 
hydrophilicity/hydrophobicity, surface roughness, and membrane charge.  
3.2.1. Polymer Crystallinity  
For the non-porous membranes, the permeability and mechanical stability are mainly determined by 
the polymer crystallinity. The molecular weight and type of the polymer, growth condition, chain 
flexibility, chain configuration, chain interaction, and branch structure determines the polymer 
crystallinity. Most of the polymer has a semi-crystalline structure. In RO system, the liquid separation 
is done by sorption and diffusion through a permeable membrane. The crystallites of polymer create a 
compact packed structure in which liquid cannot penetrate. The liquid transports through the 
amorphous layer. The swelling of the membrane takes place in an amorphous state. Increasing 
crystallinity decreases diffusion. 
3.2.2. Membrane Porous Structure 
Membrane pore structure indicates pore size, pore size distribution, porosity, and pore tortuosity of 






membrane surface along with the thickness of the membranes. The relationship between this type of 





where, 𝐽 is the flux, 𝜀 is the surface porosity, 𝑟 is the pore radius, ∆𝑃 is the pressure difference across 
the membrane of thickness ∆𝑥, 𝜇 is the solution viscosity, and τ is the pore tortuosity. The membrane 
tortuosity (τ) indicates the length of the average pore compared to the membrane thickness. 
In membrane technology, many membranes prepared phase inversion, stretching, solution casting, or 
electrospinning techniques that do not have parallel-cylindrical pores. They have irregular pore 
geometry and tortuosity. In this case, Kozeny-Carman model tries to explain the relationship between 





Where, 𝜖 is the volume fraction of pores, 𝐾 is the Kozeny-Carman constant (depends on the shape of 
the pores and tortuosity), and 𝑆 is the internal surface area of the membrane pores. 
3.2.3. Membrane Surface Hydrophilicity/Hydrophobicity 
Hydrophobic membranes tend to foul easier compared to hydrophilic membranes. In other words, 
hydrophobic membranes have no interaction with water but hydrophobic compounds, while 
hydrophilic membranes can form hydrogen-bonds with water. Hydrophilic membranes have less 
interaction with organic substances, microorganisms, and charged inorganic particles, which reduce 
membrane fouling. On the other hand, highly polar compounds can be sorbed into hydrophilic 
membranes via hydrogen bonding. They can cause the greatest decline in flux through pore blocking 
or the adsorption within the pores. 
Membrane hydrophilicity is measured by water contact angle (WCA) measurement. If WCA is 
greater than 90C, membranes are counted as hydrophobic [31]. Hydrophilicity is related to the 
functional groups on the membrane surface, the roughness of the surface, and zeta-potential. The 
hydrophilic groups such as –OH, COO–, and -NH2 are mainly used to improve membrane surface 
hydrophilicity. Many commercial membranes are in hydrophobic nature and prone to fouling. 
3.2.4 Membrane Surface Roughness 
Membrane surface roughness is determined by the measurement of surface texture. Roughness plays 
an important role to understand the interaction between membrane surfaces in its environment. 
Hydrophobic membranes with surface roughness are prone to fouling compared to the hydrophilic 
smooth membrane surface. Higher surface roughness means a higher surface area to which foulants 
can be attached and caused fouling. 
3.2.5 Membrane Surface Charge 
Membrane surface charge determines the electrostatic interaction between charged foulant and the 
membrane surface. It is important for the rejection mechanism. Depend on the membrane charge, the 







Negatively charged membrane surface helps to reject dissolved salts, microorganisms and minimize 
the adsorption of negatively charged organic foulants. This type of membrane surface can be prepared 
by sulfonic and/or carboxylic acid groups on the surface of the membrane, which may be 
deprotonated in feed solution by increasing the pH of feed solutions. Since the pH changes are 
needed, the flux, pore size, and pore structure can be affected by pH value. Charged membranes are 
important for the fouling resistance when the foulants are charged. Similar charged solute and 
membrane surface repulses each other and reduces the membrane fouling. Most of the colloidal 
particles are negatively charged, which requires charged membranes. Cationic charged membranes are 
more suitable for the cationic macromolecules in biotechnology. 
3.3. Membrane Transport Theory 
There is two suggested model for permeation of different species, as shown in Figure 3.3. The first 
model is the pore-flow model in which permeants are transported and pass through pores by the 
pressure-driven mechanism. The second model is the solution-diffusion model, in which permeants 
dissolve in the membrane material and then diffuse through the membrane cross-section. The 
difference between the two mechanisms is the relative size and permanence of the pores—pore-flow 
membranes have better flux than simple diffusion membranes. 
Since this thesis is about the porous nanofiber membrane, we only focus on the pore-flow model. 







where, 𝐽𝑖 is the flow in a capillary or porous medium, 𝐾
′ is a coefficient reflecting the nature of the 
medium, 𝑐𝑖 is the concentration of component 𝑖 in the medium, 𝑑𝑝/𝑑𝑥 is the pressure gradient 
existing in the porous medium. 
 
Figure 3.3.  Permeation models of different membrane (a) microporous membranes separated by 
molecular filtration, (b) dense membranes separated by solution diffusion [33] 
3.3.1. Pore-flow and Permeation in Microfiltration Membranes 
Even though there are a lot of theories about diffusion membranes, no unified theory to describe the 
transport mechanism in microporous membranes which have been developed due to the extremely 
heterogeneous nature of microporous membranes. Even the microporous membranes can show similar 
separation, their porous structure and the mechanism of the separation can be different. For instance, 
the porosity of the membrane can vary from place to place or different in each layer for asymmetric 
membranes. As a result, the parameters to characterize the complexity of microporous membranes are 






the membrane surface and has a tortuosity of one, which means the average length of the pores is 
equal to the membrane thickness.  However, in asymmetric membranes, the pores take a more 
meandering path through the membrane cross-section and the tortuosity changes in the range from 
1.5–2.5. The pore diameter is another important parameter that needs to be taken into account. The 
asymmetric membranes contain a range of pore sizes. In microfilters, the pore diameter is described 
by the biggest particle which can penetrate the membrane: and the membrane might be much smaller 
than the pore diameter observed under microscopic examination.  
 
Figure 3.4. Screen and depth filtration mechanism 
Based on the filtration type, membranes can filter the particle in two ways:  
The surface or screen filter has surface pores smaller than the particles to be removed. As a result, 
particles captured and accumulate only on the surface, as shown in Figure 3.4. Particles that are 
smaller than the pores and able to pass through the membrane are not captured by the interior 
membrane pores. These types of membranes are in the asymmetric structure and generally use a tiny, 
porous structure layer on the top and larger pore size support at the bottom. Surface/screen filters can 
be used as either pre-filters or clarifying filters. 
The rejection mechanism for screen filters has been developed by Ferry [34] and Renkin [35] as 
Ferry-Renkin equation shown in equation (3.9): 










] × 100 % (3.9) 
where, 𝑅  is the rejection percentage, 𝑎 is solute molecule radius, and 𝑟 is pore radius. The Ferry–
Renkin model can be used to estimate the pore size of ultrafiltration membranes. 
In screen filters, the initial rejection 60-70% can be achieved to 100% after the cake layer formed on 
the membrane surface. 
The depth filter has a large pore size on the surface that allows the particles to enter the membrane and 
captured in the interior of the membrane (Figure 3.4). Some particles are trapped in the interior 
membrane; others are adsorbed in a tortuous path. Depth filters are usually symmetric and used in 
microfilters as pre-filters to remove particles and protect downstream equipment from fouling or 
clogging. 
The depth filter mechanism is more complicated than the screen filter. The particles are not only 
captured by the membrane pore, but also adsorption can take place. Four mechanisms can be 
suggested for the particle capturing in the depth filters: sieving (capture of particles on small 






adsorption. In every case, particles smaller than the diameter of the depth filter pores are trapped by 
adsorption in the interior membrane surface. 
The sieving mechanism is the simple capture of particles at pore constructions in the interior of the 
membrane. In internal capture, particles are bigger than the membrane’s tortuous pores and trapped 
inside the membrane. This capture mechanism is more suitable for big particles. Brownian diffusion 
mechanism is more suitable for small particles. While the small particles move along the pores, they 
are subjected to Brownian motion (random motions of particles suspended in permeate) that creates 
contact with pore walls. As a result, particles are captured to the surface by adsorption. Electrostatic 
adsorption is the capture of charged particles by a membrane which has surface-charged groups. 
Many colloidal particles carry a slight negative charge. A positively charged membrane can help the 
rejection process. During the filtration process, the adsorption capacity of the charged membrane is 
exhausted in time, and rejection decreases. 
Screen filters are more commonly used and less expensive than depth filters. On the other hand, depth 
filters have a larger available surface area than a screen filter, allowing them to have higher loading 
capacity before fouling. 
3.4. Concertation Polarization 
Concentration polarization is formed as a natural consequence of membrane selectivity and negative 
effect on the overall process efficiency of the membrane. Concentration polarization is observed when 
the concentration of a specific component decreases or increases at the boundary layer closes to the 
membrane surface. Concentration gradients form in the fluids on both sides of the membrane. 
Membrane performance in ultrafiltration, electrodialysis, and some pervaporation processes is 
suffered by concentration polarization. 
Concentration polarization has a negative effect on membrane flux and membrane separation 
properties due to high surface concentration that exceeds the solubility limit. Its impact on rejection is 
an open question. It may reduce retention for the low molecular weight solutes while opposite for 
macromolecular solutes [36]. The design and operating conditions of the membrane module are 
important to minimize the effect of concentration polarization. 
Concentration polarization is affected by membrane boundary layer thickness, the membrane 
enrichment, the volume flux through the membrane, and the diffusion coefficient of the solute in the 
boundary layer fluid. Among the all, the changing of the boundary layer thickness is easy by reducing 
the boundary thickness minimizes the concentration polarization. 
3.5. Membrane Fouling 
Membrane fouling is one of the biggest problems in membrane technology. Membrane fouling is a 
consequence of concentration polarization and gradual decrease of flux due to blocking of pores on 
the surface or in the membrane with contaminants. Fouling reduces membrane performance 
significantly as a reduction in flux, shortening of the membrane life span, and increasing the cost. 
Foulants are generally in the form of organic, inorganic, biological, and colloidal structure. The 
common and the most problematic fouling is colloidal one. Organic fouling forms as a consequence 
of natural organic matter (NOM) appear during the filtration. Inorganic fouling forms as a 
consequence of precipitation of deposits on the membrane, which results in bulk and membrane 






The fouling layer can be grouped as reversible and irreversible parts. Reversible part consists of the 
easily removable portion of the foulants, and the irreversible fouling part consists of the remaining 
portion. During the separation process, membrane resistance increases, and flux decreases. The 
decrease in flux can be due to clogging of the membrane pores, adsorption in interior membrane 
pores, concentration polarization, and gel layer formation. 
Factors that affect the fouling can be categorized as; 
 Membrane properties: membrane material, pore size, pore size distribution, hydrophobicity. 
 Feed properties: concentration of components in the feed, size, and nature of components. 
 Operating conditions: flow rate, pressure, pH, and temperature. 
Frequently membrane cleaning can reduce the membrane fouling and improve the flux. A proper 
cleaning method must be developed according to membrane type, structure, feed properties, and the 
membrane module. To maintain membrane performance, many cleaning processes have been 
developed as biological, chemical, and physical treatments or combinations. Biological cleaning is 
containing bioactive species such as enzymes to clean the membrane surface. The chemical cleaning 
process is used to remove the adhered particles while the physical cleaning process can remove loose 
particles attached on the membrane surface. Combination of both chemical and physical cleaning can 
be suggested for the cleaning of nanofiber membranes which may offer solution for “Chapter 1-P7”. 
3.5.1. Membrane Antifouling Mechanism 
Antifouling membranes are a new trend to reduce the cost of operation, chemical and biological 
cleaners, and wasted time during the cleaning process. There are three ways to reduce fouling; 
(a) Improve membrane hydrophilicity to minimize the adsorption and deposition of hydrophobic 
foulants on the membrane surface. A highly hydrophilic surface is more attractive for water molecules 
to attach than hydrophobic foulants. 
(b) Changing of surface charge, as mentioned in sub-title “Membrane Surface Charge”.  Electrostatic 
repulsive force helps to reduce fouling when the foulant and membrane surface is charged similarly.  
(c) Grafting of hydrophilic polymer chains on the membrane surface will exert steric repulsion to 
hydrophobic proteins. Due to the loss of configurational entropy, volume restriction and/or osmotic 
repulsion between the overlapping polymer layers results in steric repulsion [23]. 
Antifouling membranes are in great interest. Many polymeric membranes are hydrophobic, which 
cause fouling problems. For this aim, researchers have been focused on changing the surface of 
polymeric membranes. More details are given in the following section. 
3.5.2. Surface Modification of Synthetic Polymeric Membranes 
The main aim of surface modification is to prevent contact between membrane and pollutants as well 
as improve the selectivity and permeability by enhancing the hydrophilicity of existing polymeric 
membranes. Modification can be done physically or chemically: (a) by blending or adding some other 
component(s) into the polymeric material, (b) by coating the surface of the membrane with some 
other polymer including grafting and in situ polymerization, (c) by altering the membrane surface via 







Physical modification focuses on physical interaction (not covalent bonding) of hydrophilic modifiers 
on the polymeric membrane surface. The chemical composition of the polymeric membrane is not 
changed. There are two ways to produce a physical modification, (a) direct coating or depositing of 
hydrophilic polymer on the surface of the membrane, (b) immersion of membrane into chemically 
active monomer, then immobilized by crosslinking or polymerization reaction with no chemical 
participation of the pristine membrane. 
Chemical modification focuses on a chemically modified surface by a covalent bond. The polymeric 
membrane chains are activated by chemical reaction or high-energy radiation. Then, hydrophilic 
modifiers are grafting. This method improves the membrane surface, not the bulk structure. 
Comparing to the physical modification, this method offers long-term chemical stability. 
3.5.2.1. Blending 
One of the easy methods of the modified membrane is the blending of the polymer with polymeric 
additives to improve surface hydrophilicity and pore interconnectivity. A hydrophilic additive adds 
into a hydrophobic polymer can improve the membrane hydrophilicity and reduce fouling. 
Another method is the preparation of polymer/inorganic membrane by inorganic filler embedded in a 
polymer matrix. Incorporating nano-size particles into membranes can improve optical, mechanical, 
electrical, magnetic, rheological, and fire retardancy properties. 
3.5.2.2. Coating 
Interfacial polymerization was introduced the first time in the 1960s [38] and developed in the 1980s 
[27]. Using this method, a thin PA film can form on the membrane surface for a good permeability 
and selectivity. More details are given in the sub-section “Polymeric Membrane Preparation 
Methods”. 
Layer by layer coating is another method for the fabrication of ultrathin polyelectrolyte multilayer 
(PEM) film to prepare multilayer membranes. This method includes alternating sequential adsorption 
of polycations and polyanions on a substrate. After each adsorption, a rising step takes place to 
remove weakly associated polymer chains. The thin film is formed due to electrostatic interaction 
between the positive and negative charges. This type of membrane possesses high selectivity and 
permeability. 
Sol-gel coating is used to fabricate materials from a chemical precursor solution for an integrated 
network (or gel) of either discrete particles or network polymers. The sol-gel process involves both 
physical and chemical reactions such as hydrolysis, condensation, drying, and densification. The sol is 
prepared by hydrolysis and condensation at room temperature. The prepared sol is deposited on the 
membrane surface using spray coating, dip coating, or spin coating followed by annealing, sintering, 
or calcination under heat. The sol-gel process is a route for preparing complex oxides at low 
temperatures [39]. Different sizes and shaped particles, fibers, porous materials, membranes, coatings 
can be produced.  
The spin coating technique is suitable for composite membrane preparation but in lab-scale with the 
thickness in the range of 0.5–30 μm. In this technique, a polymeric solution is applied to the center of 
a circular plate, which rotates at a given angular velocity and duration of spinning. Due to centrifugal 
force, the polymeric solution flows radially and helps the solution to be ejected off the edge of the 
plate. An ultrathin layer of film is formed after solvent evaporation. The thin film on the plate is 






membrane is produced. To remove the residual solvent completely, the resultant membrane is 
immersed in another water bath. 
3.5.2.4. Chemical Reaction 
The chemical reaction can modify the internal surface of the pores of the membrane. This method can 
help to improve the hydrophilicity of the membrane. 
3.5.2.4. Irradiation of High Energy Particles 
UV/ozone treatment is used to increase the wettability of the polymeric membrane surface. The 
surface energy of the polymeric membrane increased due to oxidation of the polymer. UV/ozone 
irradiation can induce chain scission and crosslink on the polymer surface, thereby functional groups 
are formed such as hydroxyls, carbonyls, or carboxylic acids on the membrane top surface. Only the 
surface is modified. 
Ion-beam Irradiation changes the microstructure of the surface layer of the polymer. At high 
irradiation, a large number of small-size microvoids can be formed on the surface. When the ions 
penetrate through the polymer surface, the deep valleys and tall peaks can be eliminated. As a result, 
surface roughness can reduce.  
3.5.2.5. Plasma Treatment 
Plasma treatment can create functional groups on the surface of membranes as directly or indirectly. 
Plasma surface modification can improve hydrophilicity, hydrophobicity, biocompatibility, and 
biofunctonality. Direct treatment of plasma gases (such as Ar, N2, H2, O2, CO2, CH4, and NH3) is used 
to produce functional groups (amines, COOH, and free radicals) on the membranes’ surface. In 
contrast, indirect treatment introduces functional groups by polymer grafting [40].  
3.5.2.6. Other Techniques 
There are different methods that do not belong to any of the above methods. Molecular Imprinting 
Technology (MIT) is one of them. MIT uses polymerization or phase inversion in the presence of a 
template for the selectivity of the specific molecules. The surface is affected by ion implantation [41]. 
Heat treatment is another method for modification of the surface. Heat treatment improves the 
mechanical properties of the polymers and chemical stability of the modified membrane by altering 
the polymer chain mobility. 
3.6. Nanofibers in Membrane Technology 
Over the year, developments in membrane technology proceed successfully, and new and improved 
techniques/membranes/modules will continue to be discovered. New concepts are regularly 
introduced to enhance membrane performance (such as flux, selectivity, transmembrane pressure), 
reduce cost (operation, membrane material) and energy; also the prolonged operating life and 
membrane life-span. There is an excellent challenge for research scientists for further development on 
advanced membrane materials for highly permeable, better selectivity and resistance to both chemical 
and mechanical barriers, prolonging the membrane life span and induce long-term performance. 
Nanofibers can be one of the key solutions to address these issues. Electrospinning has become a 
promising technique to obtain nano-size fibrous materials in the last years. Currently, this process 
allows the mass production of nanofibers on the industrial scale. More details related to the 
electrospinning process and mass production has been given in “Chapter 2- Electrospun Nanofibers”. 






Even though nanofibers look limitless from the applications' point of view, development is needed, 
especially in the water domain area. The pros and cons of nanofibers to use in liquid filtration are 
given in Table 3.3. 
Table 3.3.The Pros and cons of nanofibers in liquid filtration. 
Pros Cons 
 Highly porous structure (more than 80%) 
helps to improve permeability. 
 Low mechanical strength requires additional 
support to provide strength. 
 Tight pore size improves selectivity.  High cost due to low production speed. 
 Narrow pore size distribution helps to have 
high selectivity for the determined size of 
particles. 
 Not all polymers can form nano-sized fibers. 
 The large surface-to-volume ratio of the 
nanofibers can enhance their sorbent 
performance for heavy metals and desired 
pollutants. 
 Not all the hydrophilic nanofibers are suitable 
for membrane (dissolving or swelling 
problem).  
 Thin nanofiber layer can enhance the flux.  Almost all spinnable polymers hydrophobic. 
 Multiple choice of material (cellulose nitrate, 
cellulose acetate, polyvinylchloride, 
polyacrylonitrile, polyamide, polyurethane, 
polyamide, polysulfone, polycarbonate, 
polydimethylsiloxane, polytetrafluoro 
ethylene, polyvinylidene fluoride, etc) can 
enhance separation application depends on 
selectivity. 
 
 The possibility of incorporating a variety of 
polymers can improve mechanical properties, 
increase selectivity and flux, and a broader 
range of environmental applications. 
 
The mechanical problem of the nanofiber membranes is tried to be solved by various researchers. 
Heat treatment is one of the suggested processes to improve the mechanical strength of nanofiber, 
which can promote crystallinity. Moreover, heat treatment can remove the residual solvent in the 
nanofiber web. Heat treatment itself is not enough to use nanofibers in liquid separation. A support 
layer is needed to adhere to nanofibers. In this thesis, the author suggests the lamination method by 
using heat treatment to prepare mechanically stable nanofiber hybrid membranes. The lamination 
process may offer a solution to the problem in “Chapter 1-P3”. 
Not all the engineered polymers with unique features can form nanofibers. Thus polymer mixtures can 
solve this problem. Polymers with the same solvent system can be mix at various ratios. A study is 
submitted in the “Presented Works and Their Novelties - Preparation of various nanofiber layers 
using wire electrospinning system”. Mixing of chitosan (CH) into PA6 polymeric solution improves 







Some of the electrospun nanofibers such as polyvinyl alcohol (PVA), polyethylene oxide (PEO), 
polyvinylpyrrolidone (PVP) can quickly dissolve in aqueous media. Not only dissolving but also 
swelling of fibers can create problems during filtration. For this reason, proper cross-linking is 
required, which might increase the cost of material and chemical waste. Cross-linking of water-
soluble nanofibers may suggest a solution for the problem in “Chapter 1-P2”. 
The preparation of nanofibers is costly due to low productivity. Fortunately, more and more industrial 
production equipment is developed addressing this issue. The wire electrode electrospinning system 
(Nanospider) is one of the bulk production methods. The price comparison of nanofiber webs 
prepared by wire electrospinning system and commercial microfilter membranes are given in Table 
3.4. Information was taken from suppliers and their web pages. 
Table 3.4. Comparison of cost of nanofibrous membranes and commercial microfilters. 
Membrane Price Manufacturer Properties 
PVDF nanofibrous 
membrane 
Estimated as 24 €/m2 Our membranes 
prepared in our labs 
3-3.5 g/m2 nanofiber 
on PET spunbond-
between 0.5-0.7 µm 
pore size 
PA6 nanofiber 1.7-5.4 €/m2 Elmarco 1-3 g/m2 PA6 
nanofiber without 
substrate 
PVDF nanofiber 3.3 €/m2 Elmarco 3 g/m2 PVDF nanofiber 
without substrate 
PA6 nanofiber 3.9-5.7 €/m2 Nano Medical s.r.o. PA6 nanofibers with 
21-43 L/(m2s) air 
permeability 
Synder Flat Sheet 
Membrane 
67.64 $/ 47 mm x5 
package 
Sterlitech PVDF-0.2 µm pore 
size 
TriSep Flat Sheet 
Membrane 
122.99 $/ 1016 X 305 
mm size 









129 $/m2 Membrane Solutions, 
LLC. 





209 $/m2 Membrane Solutions, 
LLC. 









65 $/m2 Membrane Solutions, 
LLC. 




65 $/m2 Membrane Solutions, 
LLC. 




52 $/m2 Membrane Solutions, 
LLC. 




30-100$/m2 RisingSun Membrane PVDF-0.1 to 0.45 µm 
pore size 
Based on the information from Table 3.4, it is possible to say that price of nanofibers (produced via 
Nanospider device) is comparable to commercial membranes. The prices of nanofibers in our 
laboratory, Elmarco and Nanomedical s.r.o are calculated by production cost, not the market price. 
Using an industrial scale nanofiber production device may solve the problem in “Chapter 1-P4”. 
Many polymeric nanofibers are hydrophobic that can cause membrane fouling. For this reason, 
hydrophilic modification is required. The attempts to surface-modified nanofiber membranes have 
been made, as shown in “Presented Works and Their Novelties”. Surface modification improves the 
membrane permeability and selectivity, which may solve the problem in “Chapter 1-P5”. 
3.6.1. Preparation of Nanofiber Membranes 
1-D structure nanofiber can be prepared by various methods mentioned in “Chapter 2”. Either 
polymeric solution or melt can be used to fabricate nanofiber layers. Recently, the industrial scale 
nanofiber production methods have been developed drastically, allowing nanofiber preparation in 
bulk. Since the limitation of production is over, many end-applications have started to use nanofibers 
in real life. Membrane technology is one of the promising areas to conduct nanofiber webs. The 
structural property of nanofibers allows them to use as microfilter due to micron-size pores. Based on 
the additional process (such as thin-film covering), nanofibers can be used as a support layer for 
nanofilters, ultrafilters, and reverse osmosis. Unfortunately, the mechanical weakness and ease 
abrasion structure of nanofiber webs, nanofibers cannot be used in water domain applications without 
any support. For this reason, many researchers have been focusing on the combination of the 
nanofiber layer onto a support layer using various methods. These methods are discussed in the 
following section.  
3.6.1.1. Mechanically Enhanced Nanofiber Membranes 
Nanofibers are randomly oriented anisotropic structures and can filter particles by a size-exclusion 
mechanism that one molecule fits in the pores and can pass through the membrane. In contrast, the 
other type of molecule is quite big to fit in the pores. However, the weak interaction among the 
nanofibers results in loose fiber packing, which may result in poor mechanical properties.  The 
mechanical weakness of the nanofiber web limited their application in liquid filtration. To improve 







Blending with other materials: polymeric, metallic, organic, or inorganic material can be mix with a 
polymer solution of nanofibers to change their elastic modulus, tensile strength, hardness, and so on. 
Plasticizers can be added to the polymeric solution to improve the flexibility and durability of the 
nanofibers. For instance, the mixing of low molecular weight poly(ethylene glycol) (PEG) as a 
plasticizer to silk fibroin solution improves the strain by 300 % times, and the stress almost doubled 
[42]. Gelatin was used with poly(butylene succinate) (PBS) to improve the mechanical properties of 
the PBS membrane due to changes in the crystallinity of PBS, the interaction between PBS and 
gelation or possible interaction between adjacent fibers [43]. One approach has been made by adding 
carbon nanotubes into the polymeric solution [44]. Functionalized single-walled carbon nanotube 
(SWNT) has been electrospun with polyurethane (PU) to enhance tensile strength which results in a 
104% higher when it compares to the pristine polyurethane membranes. However, these methods can 
be complicated and costly, and for some cases, the mechanical strength cannot be strong enough to 
fulfill the desired membrane’s condition. 
Epoxy lamination: Epoxy is used to improve the mechanical properties of nanofibers via 
impregnation. A heat curing process is following the epoxy impregnation. Good adhesion between 
nanofiber and matrix in composites can be achieved. Some of the studies related to epoxy reinforced 
nanofibers are given in [45–48]. However, porosity and permeability can be reduced significantly. 
Moreover, this method is time-consuming and requires energy to cure epoxy for a long period. 
Dip-coating: this method is simple and reproducible that includes the deposition of a film by 
immersion of the membrane into a solution. Generally, dip-coating is used to enhance the surface 
functionality of nanofiber webs to achieve some properties as hydrophilic, hydrophobic, antibacterial, 
antifouling, etc. Besides surface improvement, the dip-coating method can improve the mechanical 
properties of the nanofiber. The dip-coating method has been employed in fibrous materials to 
improve abrasion resistance during weaving [49]. Soaking of nanofiber web into solvent can enhance 
the bonding of junction points by welding or soldering by changing the degree of molecular 
orientation [50]. 
Thermal treatment: In this first method the nanofiber web is heated above glass transition temperature 
but below the melting point. As a result, inter-fiber fusion takes place that improves the welded fiber-
fiber junctions and mechanical properties. For instance, the PVDF nanofibers were thermally treated 
at 150–160 °C [51]. Tensile strength, modulus, and elongation at break of the thermally treated PVDF 
nanofibers were much higher than those of the untreated pristine PVDF nanofibers due to increased 
crystallinity, shrinkage of the web, and nanofiber thickening. The disadvantage is that dimensional 
shrinkage of heat-applied membranes may be caused by entropic relaxation of stretched polymer 
chains [52,53]. 
Ultrasonic-welding: Ultrasonic seaming has been used for the first time in the textile industry in the 
1960s [54]. The lamination of nanofibers using ultra-sonic welding has been reported recently 
[55,56]. Using this method, the fibrous materials can bond on other support materials along with 
defined seam areas while the other regions kept original form. During ultrasonic welding, high-
frequency vibration and heat are applied to bond and seal two different materials. This method is still 
required optimization for the fragile nanofiber webs.  
Heat-press lamination: Heat-press lamination is also a common method used in the textile industry to 
combine at least two different surfaces. For an adhesion, intrinsic adhesion forces need to be 






bonding. Chemical bonding consists of covalent bonds between the molecules of the adhesive and the 
surface material. On the other hand, physical bonding consists of four types of theory; mechanical 
interlocking, adsorption, diffusion theory, and electrostatic. Mechanical interlocking is when an 
adhesive penetrates the pores and holes, it locks mechanically to the substrate. Adsorption theory 
includes intermolecular attraction (such as van der Waals bonding or permanent dipole) between the 
adhesive and the substrate. The diffusion model explains the adhesion concept by the compatibility 
between polymers and the movements of polymer chains, such as partial penetration between the 
materials. Electrostatic forces contain polar molecules or permanent dipoles in the adhesive and 
substrate that form electrostatic bonding. 
In heat-press lamination, a hot-melt adhesive (such as glue, web, or powder) that has a lower melting 
point compared to other surfaces is applied in between two surfaces under heat and force. In this 
method; properties of materials, applied heat, force, and time of contact during lamination are 
important factors that affect the lamination quality. For instance, insufficient heat and applied force 
can cause less adhesion and the adhered area between nanofiber and substrate. In this case, under a 
slight pressure, layers can easily separate. The high applied force can cause damages or changes on 
the nanofiber surface. High temperatures can cause the melting of nanofiber or substrate and damage 
the membrane. Moreover, excessive melting of the adhesive web can fill all pores on of nanofiber 
web, which can reduce porosity and permeability. For proper adhesion, the adhesive web should 
partly over the surface of nanofibers as shown in Figure 3.5. When using the heat-lamination process, 
it is possible to prepare a nanofiber that is suitable to use in pressure-driven water filtration. Besides 
adhesion of layers, the heat lamination can help to remove residual solvents and allow crystallinity for 
the electrospun nanofibers, which in turn improves mechanical strength. 
 
Figure 3.5. Images of laminated nanofiber webs on a substrate under a scanning electron microscope 






After the preparation of nanofiber membranes, characterization is needed to evaluate if the nanofiber 
membranes are suitable for the liquid filtration or not. 
3.6.1.2. Characterization of Nanofiber Membranes 
To understand the behavior of nanofiber membranes in filtration technology, characterizing is needed. 
The characterization methods can be divided into several groups, such as physical characteristics 
(morphology, mechanical properties, charge, etc.), chemical (structure and composition), transport 
characteristics, bulk characteristics, porosity, and surface characteristics [57]. Herein, the author 
discusses some of the most commonly used techniques for the characterization of nanofiber 
membranes. 
Scanning electron microscope (SEM): SEM is a useful tool to detect membrane surface at various 
magnification. SEM is used to characterize membrane properties quantitatively (such as surface 
porosity, pore shape, pore size, and pore density) and qualitatively. 
Energy‐dispersive X‐ray spectroscopy (EDS or EDX): EDX combined with SEM imaging can 
examine chemically distinct regions within composite membranes and on the surface of fouled 
membranes. 
Water contact angle (WCA): WCA is used to determine the wettability and surface energy of the 
membrane surface. 
Fourier-transform infrared spectroscopy (FTIR): The attenuated total reflection (ATR)-FTIR is the 
most popular in membrane research (ATR-FTIR). This method is suitable to detect chemical changes 
in the top layer of the membrane, such as hydrolysis, chlorination, irradiation, or comparison with 
other membranes. 
Differential scanning calorimetry (DSC): DCS can indicate useful information about structural 
transport relationships of the membranes that can help to identify the best-performing membranes. 
Atomic force microscopy (AFM): AFM performs topographic scans on the membrane surface for 
surface examination and characterizes the surfaces physically. Moreover, AFM may determine 
membrane thickness in dry and swollen states via scanning across stripes of a membrane both in dry 
and wet conditions. 
Nuclear Magnetic Resonance (NMR): NMR is used to characterize the chemical structure of the 
modified membranes and the structure of the modifying agent. 
Thermal Gravitational Analysis (TGA): TGA is used to determine the thermal stability of membranes 
or thermal degradation behavior of membranes. 
Brunauer–Emmett–Teller (BET): BET is generally used to determine porosity, pore geometry, the 
uniformity of pore sizes, and surface area of microporous and mesoporous materials.  
Membrane Fouling Tests: Dynamic and static testing modes are useful for fouling experiments with 
real membranes. In the dynamic test, the feed is moved along the membrane in cross-flow mode. The 
hydrodynamic conditions (feed velocity, pressure, the permeate flux, and concentration polarization) 






obtained. Then the feed solution containing foulants is used in a determined time, and later the feed is 
again replaced with DI water. Membrane cleaning can be introduced before and after fouling. The 
difference between the membrane flux and rejection before and after the filtration cycle and cleaning 
process shows membrane fouling and reversibility and efficiency of the cleaning process. A static test 
is suitable for biofouling or organic fouling. In this test, the membrane is immersed in a feed solution 
with bacteria or foulants at defined conditions and time. Then the membrane is removed and rinsed. 
The grown biofilm or amount of adsorbed foulant is examined.  
Bubble Point: This measurement is used to measure membrane pore size. The pore size found via 
bubble point corresponds to the largest pore. 
Total Organic Carbon (TOC), Dissolved Organic Carbon (DOC), and Chemical Oxygen Demand 
(COD): These methods are used to measure organic compounds, in the total amount of carbon, 
organic matter, and oxygen demand within water or wastewater. 
To reduce the cleaning process and to improve membrane permeability and selectivity, surface 
modification is needed. Surface modified nanofiber membranes can suggest a solution for the 
“Chapter 1-P5, P6 and P7”. 
3.6.2. Surface Modification of Nanofiber Membranes 
Mechanically enhanced nanofibers are a big step for water domain applications. However, many 
polymeric nanofiber membranes are hydrophobic, which might cause fouling quickly during water 
treatment. To enhance the functionality of the nanofiber membranes and reduce the fouling, surface 
modification can be suggested. The high surface area of nanofibers allows better modification on the 
whole surface. The surface modification can be done as physically (blending or coating, high energy 
irradiation, heat and plasma treatments), chemically (chemical grafting, adding functional groups, 
chemical vapor deposition, and co-polymerization), or both physically and chemically (Figure 3.6). 
The main aim of surface modification is to alter surfaces by either physically or chemically altering 
the atoms/molecules on the surface, coating the surface with new materials, or changing the surface 











Blending and coating: It is a simple physical method, no chemical attachment or interaction between 
the functional material and the polymer occurs. At least two different materials are blended or surface 
coated to get the desired properties of functional material. Combining additives with polar groups to a 
nonpolar matrix in the electrospinning process can result in the forming of polar groups at the 
nanofibers' surface. Including hydrophilic poly(vinyl alcohol) (PVA) into hydrophobic polyvinylidene 
fluoride (PVDF) polymer into electrospinning solution improved not only water flux but also fouling 
resistance of the nanofiber membrane [58]. However, controlling and re-productivity of this method is 
difficult [59]. 
Sol-gel Method: Sol-gel process is a wet chemical method for forming inorganic structures from a 
colloidal suspension of inorganic or metal and organic precursors. This method consists of four steps: 
(a) hydrolysis of the inorganic or organic precursor in the acidic or basic mediums and condensation 
reactions of precursors, (b) agglomeration/clustering of sol constituents, (c) drying of the gel, (d) and 
sintering to form inorganic phases and structures with desired characteristics. The advantage of this 
method is to obtain high surface area and stable surfaces while possible disadvantages are shrinkage 
during drying, cracking formation problems, and relatively low production rate. 
Plasma: Plasma treatment is a common method to achieve hydrophilic or hydrophobic electrospun 
nanofiber mats. In this technology, a reactive treatment process takes place for creating or reducing 
positive ions, negative ions, and radicals on polymer surfaces using various plasma sources. This 
method requires shorter treatment time as compared to other surface modification methods. Plasma 
modification forms functional groups, molecular crosslinking, graft polymerization, and coating 
without changing the fiber surface. The adhesion property of plasma-modified polymer surfaces can 
be enhanced by increasing the charge density. Previously, the author tried to improve membrane 
surface hydrophilicity using low vacuum microwave plasma treatment with argon (Ar) gas [60]. For 
this reason, various polymeric nanofiber membranes such as polyurethane (PUR), PVDF, PAN, and 
polyamide 6 (PA6) were used. WCA measurement was used to determine the contact angle. The 
water contact angle was measured occasionally during 55 days to observe the stability of surface 
hydrophilicity. Results showed that the stability of the contact angle is changed depend on the 
polymeric material. The plasma-treated PAN, PA6, and PUR membranes lost their plasma effect on 
13th, 17th, and 17th days respectively; and they had similar contact angles before plasma treatment. 
PVDF did not show the same contact angle as neat polymeric nanofibers over 55 days. The 
hydrophilic effect of plasma is not long-lasting, and stability is changes depend on the polymeric 
material. 
Graft Polymerization: Surface grafting is easy, useful, and controllable process to improve the 
nanofiber membrane surface. Surface modification can be achieved by grafting-to or grafting-from. In 
the grafting-to (grafting onto) method, a functionalized polymer must react with the membrane 
surface to produce polymer brushes. In the grafting-from, initiators are used and immobilized on the 
membrane surface that allows monomer polymerization. 
Radiation-Induced Graft Co-Polymerization: This method can be grouped into two categories, such as 
low and high energy radiation. Visible light and UV radiation with particle energy of up to about 50 
eV is called low energy radiation which is suitable for nanofibers. In high energy radiation, the 
ionization mechanism is induced which leads to the formation of ions with different signs. UV and 
high energy radiation can lead to physical and chemical modification via cross-linking and grafting on 






polymer, especially for biodegradable polymers. In some cases, this can be an advantage. For 
instance, electron beam irradiation has been used to fasten the degradation of poly L-lactide acid/ 
carboxymethyl starch/β-tricalcium phosphate (PLLA/CMS/β-TCP) composite nanofibers for tissue 
engineering [61].  
Wet-Chemistry: This method is based on the reaction between the chemical compound in the solution 
and the surface of the nanofiber web. Hydrolysis can generate carboxyl or hydroxyl groups on the 
nanofiber. Potassium hydroxide (KOH) has been used to promote hydroxyl groups to the surface of 
PVDF nanofiber membranes, which increase water permeability and fouling resistance [62,63]. An 
alkaline treatment may lead to swelling of the nanofibers and reduce pore size or the destruction of the 
open fibrous structure and formation of gel-like materials [64,65]. In some cases, two or more 
modification is needed to improve wettability or provide stable modification [66,67]. In this method, 
degradation, non-reproducible, irregular etching, and non-uniformity are the disadvantages. 
The author includes surface modified nanofiber membranes for separation of wastewater in the part 
“Presented Works and Their Novelties”. 
3.6.3. Current Research on Nanofiber Membranes 
Nanofibers are one of the safest nanomaterials serve as a promising candidate for water treatment. 
Many papers have been published more recently regarding nanofiber applications in membrane 
technology. There is an exponential growth of documents dealing with nanofiber membranes in water 
applications published in the last decade (Figure 3.7.). Nanofiber webs have high porosity; almost 
more than 80% void structure, and tight pore size from 40nm to 1000 nm. The lower fiber diameter 
increases filtration efficiency and increases the pressure drop that negatively affects the quality factor 
of air filtration. The particles in the wastewater are mainly deposited and attach the nanofiber surface 
by mechanically or electrostatically. Compared to commercially available microfilters, nanofibers can 
have 4-100 times smaller pore size and several times higher surface area [68].  
Application of nanofibers in water treatment varies from membrane distillation, microfiltration, 








Figure 3.7. Papers on nanofiber membrane in water application (according to WoS, September 2020) 
Membrane distillation (MD) is a non-isothermal membrane process driven by the vapor pressure 
difference across the membrane caused by the temperature gradient between feed and permeation 
solutions. In essence, the high cost of MD modules, relatively low permeate flux (caused by 
concentration polarization) in comparison with pressure-based membrane processes, water loss due to 
conduction through the polymeric membrane, membrane pollution, pore wetting, and high thermal 
energy consumption did not allow expanding of the technology. The preparation of nanofiber 
membranes provides better control of the membrane parameters, such as pore size, porosity, and 
thickness, these characteristics that are crucial for the high efficiency of MD [24]. Membrane 
distillation modules supported by nanofiber membranes offer significant advantages over commercial 
MD membranes. Specifically, nanofiber products provide an enormous amount of specific surface 
area and controlled porosity and narrowed pore size, which is certainly necessary for MD membranes. 
PVDF nanofiber surface was covered with polydimethylsiloxane (PDMS) to reduce surface energy by 
the dip-coating method and used in MD [69]. Improved nanofibers exhibited high water contact angle 
as148.7° and strong intrinsic hydrophobicity. The water flux was 30.2 kg/(m2 h) and excellent stability 
in 22 hours of operation. Polyurethane nanofibers exhibited extremely high salt retention above 99% 
and flux up to 12 kg/(m2 h) [70]. 
Nanofiber in micron size pore is suitable for microfiltration. Microfilter membranes can separate 
particles between 0.1 and 10 µm. Nanofibers increase the water permeability by reducing the 
membrane resistance against water flow. Mechanically enhanced poly(trimethylene terephthalate) 
(PTT) nanofiber membrane as microfiltration media is used for the separation of 100 µm TiO2 
nanoparticles [71]. Apparently, heat-treated nanofibers have a particle rejection above 99.6%.  
Carbonaceous microspheres were covalently attached to the PAN nanofiber surface [72]. Later silver 
nanoparticles were trapped via in situ reductions to form carbonaceous-silver nanofibrous membrane 
for separation of complex oil/water separation and removal of heavy metal ions, organic dyes, and 
bacteria. The membrane had high permeability of 45612 ± 430 L/(m2hbar) for toluene-in-water 
emulsion with separation efficiency of higher than 99% and removed above 90% Pb2+ through the 
adsorption of covalently attached carbonaceous microspheres and nearly 100% methylene blue 
through the Fenton-like oxidation of embedded silver nanoparticles. Moreover, silver nanoparticles 
showed excellent antibacterial properties against E. coli. 
Electrically conductive, superhydrophilic nanofiber composite membrane was prepared by acidified 
carbon nanotubes (ACNTs) decoration onto polyurethane (PU) nanofibers and subsequent 
polydopamine (PDA) modification [73]. Results indicated superior anti-fouling property with high 
flux (4195 L/(m2h) and rejection (99.9%) and can be used for high-efficiency separation of an oil-in-
water emulsion. 
Manganese dioxide (MnO2)-coated cellulose nanofibers have been used to remove methylene blue, 
resulting in high adsorption and oxidation efficiency in the decolorization of methylene blue [74]. 
Electrospun nanofibers are mainly used as a support layer for the thin film UF and NF. For instance, 
nanofiber has been used as a microporous structure for forward osmosis and membrane distillation 
[75]. Thin film composite (TFC) membrane was prepared from PAN nanofibers to support a 






porosity, the prepared membrane showed 172–520% higher flux and 1.1–1.3 times more efficient in 
rejecting arsenate ions than the UF membrane.  
A hydrophilic poly(vinyl alcohol‐co‐ethylene) (PVA‐co‐PE) nanofiber membrane was prepared as  
support layer for TFC membranes for nanofiltration to separate different metal ions as NaCl, Na2SO4, 
CaCl2, CuCl2, CuSO4, and methyl orange solutions [77]. The rejection was found 87.9%, 93.4%, 
92.0%, 93.1%, 95.8%, and 100%, respectively. 
All the research shows there is an excellent potential for nanofiber membranes in the water domain 
application. More example related to nanofibers as microfilter is given in “Presented Works and Their 
Novelties”. 
3.7. Recycling and Disposal of Nanofiber Membranes 
Recycling of the membranes is mainly done by the cleaning process. Nanofibers are a relatively new 
technology. For this reason, there is no clear policy and standard about nanofiber recycling and 
disposal due to the large variety of nanomaterials that exist in various applications and the varying 
approaches required for each. 
3.8. Possible Risks 
During the preparation of nanofibers, there may be little hazard posed by exposure of chemicals that 
users in particular need to be aware of. At the industrial level, proper training is needed for the 
workers. The effect of nanofibers in human health is debatable. It was found that lung cells were not 
affected by short fibers (less than five-thousandths of a millimeter long) while long fibers can reach 
the lung cavity and cause disease [78]. Nanofibers might pose a risk because they have a similar shape 
to asbestos. It is necessary to have more researches on nanofiber effects on environment and human 
health. Toxicity tests of the nanoparticles used as surface modification should be done correctly. The 
nano dimension of NPs makes it challenging to track and monitor both the environment and the 
human body and observe the hazards. 
Nanofiber membrane has to have good selectivity, high mechanical, chemical, and/or thermal 
resistance, and reusability to increase the separation performance and to reduce the material and labor 
costs. Commercialization of nanofiber still needs some developments as; compatibility with the 
existing infrastructures, potential environmental and human risks, optimized cleaning process during 
filtration and operating cost. All these developments are temporary, and a considerable effort is 
needed between research institutions, industry, and stakeholders. In 2011, the International 
Organization for Standardization (ISO) developed the ISO/TR 13121:2011 (10) standard, which 
relates to Nanomaterial risk evaluation [79]. To ensure the health and safety protection of the public, 
consumers, workers and the environment, this standard is evaluating, addressing, making decisions 
about, and communicating the potential risks of developing and using manufactured nanomaterials. 
There is not enough defined policy or testing methods to evaluate risks associated with nanomaterials 
and nanofibers. However, researchers, industrial producers, and lawmakers are collaborating to 







CHAPTER 4- PRESENTED WORKS AND THEIR NOVELTIES 
The last chapter includes the selected works documenting the author's contribution to nanofiber 
membranes in liquid filtration applications.  
The represented publications in this chapter are not placed in chronological order due to different 
journals’ publication and evaluation policy, differences in manuscript preparation time, prioritizing 
the publication of finished projects, etc. The publications are placed in the order of scientific research 
from nanofiber preparation to end application as; 
 Improve fiber morphology, spinnability, and selected properties of some polymeric solutions 
for possible application of nanofibers include water filtration. 
 Enhancement of mechanical properties of nanofiber web and investigation of lamination 
conditions on the nanofiber membrane. 
 Surface modification and application of nanofiber membranes in various water treatment 
(Sea-water desalination, oily water separation, wastewater treatment, separation of racemic 
compounds). 
The novelty of works: 
4.1. Improving Nanofiber Quality for Water Filtration 
Polymer blends are mainly used to obtain new material with the desired strength, chemical and 
mechanical resistance, thermal stability, and biological properties. Polymer blending offers an easy 
way to obtain new materials by combining various polymers. In electrospinning technology, polymer 
blending is very often used to improve nanofiber quality by incorporating the unique properties of 
each polymer. The blending of polymers is typically achieved by using the polymers which can be 
dissolved in the same solvent system.  
The Author’s contribution to this field is to use various water-insoluble polymers and their mixture for 
a better fiber surface morphology, improve spinnability, and enhance the properties of nanofiber web 
via an industrial-scale electrospinning device. This work shows that some of the polymers and their 
mixtures can be electrospun and use in industrial applications. The work has considerable practical 
relevance in a multidisciplinary field (e.g., pharmaceutical industry, wastewater filtering). The 
screening of the polymers and polymer composites from the point of their spinning ability is of 
impact. Although the electrospinning process has been reported several years before, the research 
content of the paper is still very interested because 1) the preparation of nanofibers on a large scale is 
a hot topic in this field presently, 2) polymer blends and solvent mixtures are explored as a way to 
improve electrospinnability of polymer solutions, and 3) this work does provide insight for industrial 
applications. 
Reprint:  
1. Yalcinkaya F. Preparation of various nanofiber layers using wire electrospinning system. 
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Abstract This study focuses on the preparation of various polymeric nanofibers 
using new indus- trial production equipment – a wire electrospinning system. 
The disadvantages of each polymeric nanofiber were improved by mixing 
suitable polymer/polymer-solvent/solvent  systems. A total of 9 types of 
polymers (polyamide, polyvinylidene fluoride, polyacrylonitrile, polyurethane, 
polysul- fone, chitosan, cellulose acetate, polyvinyl butyral, and 
polycaprolactone) and their mixtures were electrospun using a wire 
electrospinning system. The resultant fiber surface morphology showed that the 
wire electrospinning method is suitable for the production of various polymers 
on an indus- trial scale. Moreover, polymer mixtures changed the adhesion 
properties, increased productivity  and reduced the fiber diameter of nanofibers. 
  2016 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud 











Abbreviations: CA, cellulose acetate; PCL, polycaprolactone; CH, 
chitosan; PA6, polyamide 6; PSU, polysulfone; PVDF, polyvinylidene 
fluoride; PU, polyurethane; PAN, polyacrylonitrile; AA, acetic acid; 
DAA, diluted acetic acid; FA, formic acid; DMF, dimethylformamide; 
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The application area of polymeric nanofibers has been increased since 
the late 20th century due to their highly porous structure and high  
aspect ratio and the new design of materials. The nanofibers can be 
produced easily using needle and needleless electrospinning, force spin- 
ning, melt-blown, island-in-the-sea, drawing, etc. (Torobin and 
Findlow, 2001; Huang et al., 2012; Fabbricante et al., 2000; Huang, 
2009; Nain et al., 2006; Jirsak et al.,  2004). The biggest challenges  
for creating nanofibers are mass production and complicated struc- 
tures from multiple-fluid spinning processes (Wen et al., 2016; Yang 
et al., 2016a; Yu et al., 2016). Among the various techniques reported 
in the literature, the free surface electrospinning system using Nanospi- 
der electrospinning technology is one of the most demanded technolo- 
gies for the continuous and mass production of nanofiber layers. The 
Nanospider technology was firstly developed by Jirsak et al. (2004), 
and then the new models were improved by Elmarco (Petras et al., 
2010, 2009a, 2009b). The principle of the Nanospider equipment is 
based on a rotating electrode immersed into a polymer bath. The role 
of the rotating roller electrode is to feed the solution on the surface of 
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Table 1 Polymer and polymer mixture solutions. 
Polymers Polymer ratio (% wt.) Solvent ratio (% wt.) Total concentration of polymer in solution (% wt.) 
PA6  AA:FA (2:1) 8 
PVB  AA 11 
PCL  AA:FA (2:1) 12 
CH  DAA 8 
CA  AA 9 
PSU  DMAC 10 
PVDF  DMAC 13 
PAN  DMAC 8 
PU  DMF 13 
CA:PVB 1:1 AA 10 
CA:PA6 1:1 AA:FA 8.5 
PA6:CH 1:1 AA:FA:DAA 8 
PA6:PCL 1:1 AA:FA 10 
PA6:PVB 1:1 AA:FA 9.5 
PCL:PVB 1:1 AA:FA 11.5 
CH:PVB 1:1 AA:DAA 9.5 
PCL:CH 1:1 AA:FA:DAA 10 
PU:PSU 1:1 DMF:DMAC 11.5 
PVDF:PAN 1:1 DMAC 10.5 
    
 
 
Table 2 Spinning conditions of solution on wire electrospinning system. 
Solution Applied voltage/ 
distance (kV/cm) 
Relative humidity- 
Temperature (%- C) 
Wide of 
substrate (cm) 




PA6, CA:PA6, PA6:PCL 3.28 30–22.5 40 13 0.2 
PVB, CA:PVB, PA6: 3.28 30–22.5 40 13 0.2 
PVB, PCL:PVB      
PCL 3.28 30–22.5 40 13 0.2 
CH, PA6:CH, PCL:CH 3.28 30–22.5 40 13 0.2 
CA 3.28 30–22.5 40 13 0.2 
PSU, PU:PSU 3.88 26–22.0 40 13 0.2 
PVDF, PVDF:PAN 3.80 33–22.5 40 13 0.2 
PAN 3.80 33–22.5 40 13 0.2 
PU 3.88 26–22.0 40 13 0.2 




Figure 1 Schematic illustration of a Nanospider 
new generation electrospinning device, (A) a 
solution tank feeds the solution toward the wire, 
(B) wire electrode, (C) spinning area, (D) take-
up cylinder connected to backing material, and 
(E) high voltage supply. 
 
Table 3 Spinning performance of nanofiber webs. 
















CH:PVB Solution precipitate 












Figure 2 Preparation of nanofiber webs to 
calculate Aw. 
 
Figure 3 SEM images of the PA6/CH mixture 
electrospun nanofiber. 
 
the roller. The biggest difference between the first (roller electrospin- 
ning) and the new generation Nanospider  (wire  electrospinning)  is 
the type of electrode and feeding unit. In new generation technology, 
there is a conveyor wire electrode and a close bath unit conveyed on 
the wire for the feeding of the solution. The effective electrostatic field 
on a thin wire is higher than roller surface which might affect the 
spinnability of various polymeric solutions. Moreover, the closed feed- 
ing system makes it possible to keep solution viscosity stable over time. 
On the open surface, some hygroscopic polymer solutions can easily 
absorb the humidity and change the viscosity and properties of the 
solution over time. Using a wire electrode the Nanospider equipment 






long-term usage. The use of the conveyor wire can easily remove the 
ex-solution, and the new fresh solution is always supplied to the 
electrode. 
The wire electrospinning system has great advantages compared to 
many mass production methods. Roller, disk or spring electrospinning 
systems have high productivity rates, with the fiber diameters varying 
between 80 and 700 nm with a standard deviation of ±50 nm. How- 
ever, the solution is on an open surface and it is difficult to maintain 
the solution’s viscosity stable over time. In the force spinning method, 
productivity is very high but the controlling of the fiber diameter and 
diameter distribution is not easy. In melt electrospinning, productivity 
is high but the fiber diameter and diameter distribution are wide. The 
drawing method has very low productivity rates while the fiber diam- 
eter is high. In the island-in-the-sea method, the fibers are produced in 
entanglement form and the fiber diameter varies between 800  and 



























































The advantage of using the wire electrode Nanospider equipment is 
the easy formation of nanofibers on a thin wire ( 0.2 mm). The pro- 
ductivity rate is very high; the fibers are thin (80–700 nm) and have 
a narrow standard deviation (±30 nm). 
In this study, various electrospun polymeric nanofibers were fabri- 
cated using wire electrospinning. Unlike in the case of roller electrode 
Nanospider electrospinning (Yalcinkaya et al., 2014, 2016a, 2016b, 
2015; Yener et al., 2013; Yener and Jirsak, 2012; Cengiz et al., 2010; 
Sasithorn and Martinova, 2014; Jirsak et al., 2010), there is not enough 
information about the production of nanofibers using wire electrospin- 
ning in the literature. Herein, a wide range of polymer and polymer 
mixtures were fabricated and the disadvantages of each polymer were 
eliminated and new features added by using polymer mixtures. The 
improvement of the various nanofiber webs’ disadvantages was studied 
for the first time. 
The fiber diameter of nanofibers can be changed through electro- 
spinning parameters. However, controlling the fiber  diameter is  not  













distance between electrodes, solution properties and speed of carriage) 
can make changes on the fiber diameter but parameters alone are not 
sufficient to obtain nanofibers without beads. Herein, some of the 
polymer mixtures were used to change the surface morphology of    
the nanofiber layers. 
The diversity of spinnable polymers showed that the use of the wire 
electrode Nanospider equipment had big advantages for the continu- 
ous mass production of nanofibers. The resulting nanofibers are suit- 
able for application in air filtration, water filtration, ion-battery 






























































































Figure 7 SEM images of (A) PSU, (B) PU, (C) PVDF, (D) PAN nanofibers. 
 
 
Bella et al., 2015; Yalcin Enis and Gok Sadikoglu, 2016; Yalcinkaya 
et al., 2016a, 2016b; Yang et al., 2016b). The aim of the preparation  
of mixture fibers was to eliminate disadvantages such as weakness, 
abrasion, hydrophilicity/hydrophobicity, and oleophilicity/oleopho- 
bicity and improve and combine the advantages of polymers. The 
blended nanofibers are more advantageous compared to single electro- 
spun nanofibers for improving the mechanical, structural, antibacte- 




50.000 g/mol cellulose acetate (CA) and 45.000 g/mol poly- 
caprolactone (PCL) were purchased from Sigma–Aldrich; veg- 
etal    chitosan    (CH)    was    purchased    from    KitoZyme; 
60.000 g/mol polyvinyl butyral was purchased from Mowital; 
ultra-aramid B24 polyamide 6 and Ultrason E600P polysul- 
fone (PSU) were purchased from BASF; Polyvinylidene fluo- 
ride (PVDF) was donated by Kynar 761A; polyurethane was 
purchased from Larithane LS 1086; 150.000 g/mol polyacry- 
lonitrile (PAN) was purchased from Dimachema Pigment Cor- 
poration. The solvents, %99 acetic acid (AA) and %56 diluted 
acetic acid (DAA), formic acid (FA), dimethylformamide 
(DMF), and dimethylacetamide (DMAC) were purchased 
from Penta s.r.o. The polymers were dissolved in the solvent 
for 30 h and mixed to form a homogenous solution. The per- 
 
centages of the prepared solutions and mixtures are shown in 
Table 1. For the solution mixtures, first the single polymer 
solution was prepared, and then the polymer blends were pre- 
pared at a given weight ratio according to Table 1 and mixed 
overnight. The concentration ratio was determined according 
to our previous experiments and known-how. 
The spinning conditions kept stable during process are 
shown in Table 2. The schematic figure of the new generation 
Nanospider equipment is shown in Fig. 1. 
The solution is placed into a feed unit (A, B). The wire is 
placed in the middle of the solution tank. The feed unit is mov- 
ing back and forth and the solution is feeding on the wire. The 
upward part has a second wire electrode, which generally has 
the opposite charge to the downward wire electrode or is 
grounded. If the electrical field between the electrodes over- 
comes the surface tension of the polymer solution, fibers are 
formed (C). A conveyer backing/supporting material is placed 
in between the two electrodes to collect the fibers, moving at a 
desired speed using take-up cylinders (D). 
The nanofibers were analyzed using a scanning electron 
microscope (SEM, Tescan Vega3 SB). All samples were gold- 
coated for 60 s and 7 nm thickness before SEM imaging to 
reduce the effect of charging. The Image-J software was used 
to measure the average fiber diameter from more than 50 dif- 











































Figure 7 (continued) 
 
 
The productivity of the nanofiber webs can be compared 
calculating the area weight (basis weight) of the samples. 
Table 3 shows the area weight of each polymeric nanofiber 
web. The area weight of the nanofibers was calculated accord- 




where Aw is the area weight of the nanofiber web, G is the 
weight of nanofibers at a given area (gram), and A is the mea- 
sured area of the web (m2). The samples were cut into sheets of 
10 10 cm2 (3 for each sample), separated and weighted as 
shown in Fig. 2. 
 
1. Result and discussion 
 
The results showed that some of the polymers and their mix- 
tures did not form fibers as shown in Table 3. Each polymer 
solution showed different spinnability and spinning perfor- 
mance. Spinning performance is an important parameter for 
the productivity. 
The spinning of a pristine chitosan polymer solution  is 
quite difficult due to high viscosity. Gel-like networks prevent 
the formation of electrospun fibers. Chitosan nanofiber is a 
good candidate for biomedical application and adsorbent 
materials to remove dyes  from  industrial  wastewater  (Iqbal 
et al., 2011; Sobahi et al., 2014; Kenawy et al., 2015). The idea 
of mixing chitosan with other polymers is to improve 
spinnability and mechanical and biocompatible properties. 
The results showed that only the mixture of a chitosan and 
polyamide 6 solution forms nanofiber structures with a low 
area weight and fiber diameter. 
The results of chitosan and polyamide 6 mixture nanofibers 
are given in Fig. 3. 
Fig. 3 shows that there are two types of fiber in polymer 
mixture nanofibers. It can be observed that the average fiber 
diameter is less than 100 nm. Moreover, some fibers have bro- 
ken ends. The reason can be explained as follows: chitosan has 
low concentration (8%) with very high viscosity, which pre- 
vents the continuous fiber forming, with the drops breaking 
following fiber formation. The entanglement between the chi- 
tosan macromolecules is not strong enough to produce contin- 
uous nanofibers. Chitosan has an effective volume  fraction 
that is much greater than its actual volume fraction, which 
means physical properties equivalent to higher concentrations 
of less complex molecules (LeCorre-Bordes et al., 2016). It can 
be suggested that chitosan nanofibers can be produced with a 











































Figure 8 SEM images of (A) PSU + PU and (B) PVDF + PAN. 
 
enzyme immobilization (Li et al., 2014; Maryskova et al., 
2016) or human osteoblastic (HOB) cell culture applications 
(Nirmala et al., 2011). 
Cellulose acetate nanofibers are biocompatible and have 
high hydrophilicity, which make them a good candidate for 
water treatment. It has been mentioned that spinning of CA 
solutions is not easy to control (Liu et al., 2016). Despite 
changing process parameters, beads form easily. As shown in 
Fig. 4(A), we also  observed many  beads on the  surface of  
the web. The easy way to eliminate the bead structure is mixing 
with other polymer. In this way, not only are the beads elimi- 
nated, but it is also possible to enhance the advantages of 
nanofibers. 
The idea of mixing CA with PA6 or PVB polymers is to 
reduce the bead structure and improve surface morphology 
(Fig. 4). CA + PVB nanofibers have almost 5 times higher 
fiber   diameters   than   pristine   CA   nanofibers,   while  CA 
+ PA6 nanofiber diameters are almost equal to pristine CA. 
The PVB nanofibers have an average nanofiber diameter of 
around 350–370 nm, PA6 of around 40–60 nm (Fig. 5), and 
their mixture of around 180–200 nm. The results indicate that 
an additional polymer has a huge effect on the final polymer 
diameter and the bead structure as well. The mixture of CA 
with PA6 or PVB did not change the spinning performance   
of pristine CA nanofibers. Among all CA and mixtures, CA 
+ PA6 nanofibers are an excellent candidate for air 
(Matulevicius et al., 2016; Nicosia et al., 2016) and water filtra- 
tion (Carpenter et al., 2015; Zhou et al., 2016). 
It was observed that during spinning PVB nanofibers have 
the ability to stick to all the surfaces of the spinning unit, take- 
up cylinders and the feed tank, which leads to difficulty in 
keeping nanofibers on the surface of backing materials. The 
mixing of PVB with PA6 nanofibers has the advantage of 
decreasing the average fiber diameter and leads to narrower 
fiber diameter distribution. Moreover, the adhesion problem 
of the PVB nanofibers was eliminated and the area weight 
was increased almost 2.3 times, which translates into lower 
energy costs. 
Polycaprolactone is a low-cost, biodegradable polyester. 
Studies showed that the biocompatibility of PCL nanofibers 
has a promising future in biomedical applications (Mahjour   







2008; Pajoumshariati et al., 2016). It was found that the adhe- 
sion property of PCL nanofibers is much lower than that of 
protein nanofibers, which might be a disadvantage for the lam- 
ination process (Baker et al., 2016). To improve the adhesion 
properties of PCL nanofibers, the mixture of PCL + PA6 
and PCL + PVB was prepared. PVB has excellent adhesion 
properties and is very cheap compared to PCL and PA6. 
The results of SEM are shown in Fig. 6. 
Fig. 6 shows that the mixture of PCL and PA6 solutions 
increases the bead structure of nanofibers while the spinning 
performance decreases dramatically. On the other hand, mix- 
ing PVB with PCL decreases the formation of beads on the 
surface of the layer but increases the average fiber diameter 3 
times. The area weight of PCL was increased  by  adding  
PVB. If the adhesion properties of PVB nanofibers are consid- 
ered, it can be concluded that nanofibers from the mixture of 
PCL with PVB would have increased  adhesion  properties  
and also a decreased bead structure of nanofiber layers. 
Polysulfone, polyurethane, polyvinylidene fluoride and 
polyacrylonitrile are good candidates for wastewater filtration, 
reverse and forward osmosis and membrane distillation. All 
the polymers were easily electrospun into  nanofibers  using 
the wire electrospinning system. The SEM results of the vari- 
ous polymers are shown in Fig. 7. 
In our previous experiments, we found that PSU nanofibers 
are not good in terms of their mechanical and abrasion prop- 
erties. PSU nanofibers are damaged and removed from the 
backing material very easily under slight tension. PU nanofi- 
bers have good tensile properties and elasticity, and are insol- 
uble in water. A mixture of PU with PSU improved the 
mechanical and abrasion properties of nanofibers. When exter- 
nal tension was applied, the PU/PSU nanofibers were not 
damaged or removed from the backing material (Fig. 8). 
PAN has highly polar groups in the backbone that improve 
the hydrophilicity of the materials and are advantageous for 
wastewater treatment as they decreased the fouling effect. 
PVDF nanofibers are quite strong but highly hydrophobic. 
Combining PVDF with PAN can improve the hydrophilicity 
and mechanical properties of nanofibers. The mixture of nano- 
fiber layers is shown in Fig. 8. 
Pristine PU and PVDF nanofibers have a larger fiber diam- 
eter and diameter distribution in comparison with PSU and 
PAN. Both PSU and PAN nanofibers have a diameter of less 
than 100 nm, which is promising for air and water filtration. 
On the other hand, the mechanical properties and hydropho- 
bicity of PSU and PVDF are disadvantages and can be easily 
eliminated by mixing with PU and PAN respectively. The mix- 
ture of PSU + PU nanofibers has an average fiber diameter of 
around 120–140 nm while that of the PAN + PVDF mixture 
is around 120 nm. Both results of the mixture showed signifi- 
cant surface morphology and small fiber diameters, which 
make them a good candidate for water and air filtration. The 
mixing of PSU/PU increased the area  weight  of  PSU  and  
PU 1.68 and 2.5 times respectively, while the mixture of 
PAN/PVDF increased PAN and PVDF to 1.99 and 1.02 
respectively. 
The main results of the work can be summarized as follows: 
Mixing a chitosan polymer with PA6 can form nanofibers 
while a mixture of CH + PVB and CH + PCL did not form 
nanofibers. 
Bead-free cellulose acetate nanofibers were produced by 
mixing with PA6 and PVB polymers. The CA + PA6 nanofi- 
bers have a small fiber diameter of around 60 nm, which sug- 
gests a potential application area for high-efficiency air 
filtration. 
The PA6 and PVB nanofibers were electrospun with aver- 
age fiber diameters of around 50 and 400 nm respectively. 
PVB is quite a cheap polymer compared to other polymers 
and is easy to process and handle. There are not many studies 
about the application of PVB nanofibers. Based on the appli- 
cation area, the fiber diameter of PVB nanofibers can be 
reduced and the spinning performance can be increased by 
mixing with PA6. 
PCL was mixed with PA6 and PVB. The resulting electro- 
spun fibers showed that a mixture of PCL + PA6 creates 
beads on the surface of the nanofiber. On the other hand, a  
mixture of PCL + PVB nanofibers has good surface morphol- 
ogy and very high productivity. Using the adhesion properties 
of PVB, the adhesion properties of PCL nanofibers can be 
improved. 
PSU, PU, PVDF and PAN all have special properties for 
various application areas. The mechanical properties and the 
area weight of PSU and PAN nanofibers were improved by 























Figure 9 Comparison of various nanofiber webs  according  to 







Hereby, Fig. 9 shows the area weight and the fiber diameter 
of all polymers and polymer mixtures. The idea of mixing 
polymers mainly showed advantages with respect to fiber 




The production of nanofibers using wire electrospinning has not been 
yet investigated in detail, although this technology has been utilized on 
an industrial scale. Wire electrospinning systems are superior to many 
production methods in the market due to their high productivity and 
ease of setting up and cleaning. Almost all polymers that form nanofi- 
bers in the needle electrospinning system can be electrospun using 
needle-free wire electrospinning at higher production efficiency rates. 
It can be concluded that most common polymers in the market 
could be easily electrospun to produce nanofibers using the wire elec- 
trospinning system. The results of this work provide an insight into the 
industrial application of nanofibers. The optimization of nanofiber lay- 
ers is time consuming and costly. The optimization process was almost 
completed by mixing of various spinnable polymers and the disadvan- 
tages and productivity of each nanofiber layer were improved by mix- 
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4.2. Mechanical Enhancement of Nanofiber Webs and Their Application in Wastewater 
Treatment 
Nanofiber membranes have been tested in laboratories for so many years and showed great interest in 
water treatment. However, preparation in large-scale and commercialization still varies widely. Some 
of the products are already on the market (very limited amount), and some products are still on the 
way of commercialization that requires deep research before they can be considered for large-scale 
production due to some technical obstacles (such as compatibility with the existed membranes, 
operating cost, and potential environmental and health risks). To overcome these temporary technical 
obstacles, a concerted effort and collaboration are needed between universities, research institutions, 
government, industry, and stakeholders. As a result of efforts and collaborations, nanofiber 
membranes will provide consolidated solutions to water treatment. 
In the following papers, we attempt to deal with the problem rigorously, starting by enhancement of 
mechanical properties of nanofiber membranes using lamination onto a support layer. Different 
adhesion method with different support has been selected to see their effect on overall membrane flux 
and selectivity. We investigated that the supporting layer, type of adhesion method, type of polymeric 
nanofiber, and density of the nanofiber layer have an impact on the water permeability and the 
rejection. The polymer type, supporting layer, and adhesion methods are the key parameters for the 
nanofiber membrane preparation. Based on the first reprint, the adhesive web lamination method was 
selected for membrane preparation. In the second and third paper, we tried to optimize the lamination 
conditions (such as heat, applied pressure, and time) for different polymeric nanofiber webs (PVDF 
and PAN), which are highly used in water treatment.  Lamination effect on membrane 
characterization and membrane permeability has been introduced to literature. These two reprints (2 
and 3) include a comprehensive study on lamination optimization and conditions for nanofibers 
membrane technology. 
The contribution of the papers to the scientific community is based on the following results: 
Determination of polymer type, adhesion method and support layer effects on the nanofiber 
membranes’ water permeability and particle rejection. This is a major step for membrane preparation 
to select the right material and preparation method. 
Investigate the lamination condition on the membrane performance and optimization of the lamination 
method. The lamination process is important to use nanofiber webs in membrane applications. For 
this reason, it is crucial to understand the lamination effects and optimization process.  
Reprint:  
1. Yalcinkaya F, Yalcinkaya B, Hruza J, Hrabak P. Effect of nanofibrous membrane 
structures on the treatment of wastewater microfiltration. Science of Advanced 
Materials. 2017 May 1;9(5):747-57. 
2. Yalcinkaya F, Hruza J. Effect of laminating pressure on polymeric multilayer 
nanofibrous membranes for liquid filtration. Nanomaterials. 2018 May;8(5):272. 
3. Roche R, Yalcinkaya F. Electrospun Polyacrylonitrile Nanofibrous Membranes for 












Copyright © 2017 by American Scientific Publishers 
All rights reserved. 








Effect of Nanofibrous Membrane Structures on 
the Treatment of Wastewater Microfiltration 
Fatma Yalcinkaya∗, Baturalp Yalcinkaya, Jakub Hruza, and Pavel Hrabak 
Centre for Nanomaterials, Advanced Technologies and Innovation, Technical University of Liberec, 
Studentska 2, 46117, Liberec, Czech Republic 
 
ABSTRACT 
An experimental study for industrial wastewater was carried out using a cross-flow microfiltration unit. The 
effect of various nanofibrous membrane structures on the membrane permeability was investigated. 
Analysis  of variations in nanofiber area weight, supporting material, the hydrophilicity of membranes, and 
the polymeric structure of the nanofiber layer revealed considerable effects on membrane permeability, 
the total amount      of filtrated permeate and the total amount of carbon in the permeate solution. The 
removal of total organic carbon (TOC) was gradually decreased with the increasing area weight of the 
nanofiber layer. Low area weight nanofiber composite membranes were superior over high area weight 
ones, as a higher membrane permeability was maintained during the 15 hour test. The results indicate that 
the selection of the area weight of the nanofiber layers as well as the supporting layer are a key factor for 
increasing the flux and permeability. 




Wastewater reclamation is important for several industries, 
e.g., textile dyeing and finishing, pharmaceutical, marine 
and food.1–8 New materials for wastewater filtration are 
constantly being designed due to the insufficient water 
resources and imbalance between water supply and con- 
sumption. The development of membrane technologies has 
recently reified applications in the treatment of wastewater. 
Membrane technologies may help to solve characteristic 
problems with traditional water treatment methods. 
The importance of microfiltration (MF) technologies in 
the recycling of municipal or industrial wastewater using 
membrane processes is increasing.9–12 MF is an effective 
process used to remove finely dispersed particles from 
waters. Reportedly, this technology is particularly effective 
in separating small particles of differing size and dissolved 
organic matter. 
The polymeric nanofiber structures produced by the 
electrospinning method can help design improved types of 
microfiltration materials.13–15 The use of nanofiber mem- 
branes for microfiltration is beneficial in particular as they 
demonstrate high permeability, enormous filtration effi- 
ciency due to  highly  porous  structure,  small  pore  size 
(0 1 10 m). They also effectively separate impurities 
without adding reagents and have no by-products effected 
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by chemical reactions.16–18 Membranes with a pore-size of 
0 1 0 5 m or less almost completely filter not only bac- 
teria but also viruses from water.19–22 
Membrane fouling is the most serious problem affect- 
ing performance.23–25 Characteristics, such as hydropho- 
bicity, component materials, surface charge and roughness, 
operating conditions, pore sizes, the relationships between 
the size of solute and membrane pore size and the solute-
membrane material affinity are the main reasons for 
membrane fouling.26–29 It has been suggested that a mem- 
brane with a medium polysulfide pore should be used to 
obtain good membrane performance as well as to maintain 
the high rejection of colorant substances.30 The nanofiber 
structure might be a solution to providing a high contact 
surface for the flocculant to interact with the particles and 
to be held inside the bioreactor by a membrane. More- 
over, nanofibers may enhance the rigidity of the cake layer 
formed on the membrane surface by entangling with the 
bioflocs and make the cake layer less compressible under 
filtration pressure. 
There are various types of membrane filtration units 
such as bundled hollow or parallel flat fiber units.31 These 
units may be applied in wastewater treatment either in a 
submerged32 or cross-flow mode.33 34 In this work, a par- 
allel flat cross-flow system was used, whereby water is 
circulated through the module  using  an  external  pump. 
A circulation pump can be used to achieve high cross-  
flow velocity. As a result, higher permeation flux can be 
obtained with a longer operation time. The advantage of 
using a cross-flow system is a reduction in the amount 
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of solid suspended particles on the membrane surface. 
Several studies have reported that cross-flow membrane 
microfiltration is an effective processes in wastewater 
reclamation.35 36 
This paper presents the results of research investi- 
gations on the application of polymeric microfiltration 
membranes of various nanofibrous membrane structures 
for the removal of impurities from  industrial  wastew-  
ater using the cross-flow system. The filtration perfor- 
mance of various nanofibrous microfiltration membranes 
was compared according to their polymeric structure, area 
weight, hydrophilicity, and supporting layers. Microfiltra- 
tion polymeric nanofibrous membranes were made from 
polyacrylonitrile (PAN) and polyamide 6  (PA6),  whereas 
a lab-scale capillary MF module was built in our labo- 
ratory. PA6 was selected as the polymer due to the fact  
that the amide groups in PA6 provide high hydrogen bond- 
ing, which improves the thermal stability and mechanical 
strength. Polyacrylonitrile (PAN) has good characteristics 
including thermal stability (up to 130 C), tolerance  to most 
solvents, and commercial availability. Both PA6 and PAN 
have superior fiber forming ability. 
The greatest disadvantages of using nanofiber layer is  
its poor mechanical properties, which is a problem of 
application and long term usage. Nanofibrous membranes 
have not found any real applications due to the weaken- 
ing high pressure commonly used in water treatment.37 To 
address the weakening problem, the mechanical properties 
of nanofibrous material were improved using various types 
of lamination on various supporting layers. In this work, 
the effect of nanofiber area weight on the membrane per- 
meability has been studied for the first time. 
Another novelty of this paper  is,  that  nanofiber  lay- 
ers were produced by using the Nanospider38 industrial 
equipment, and that the layers strongly adhered on the 
supporting layer without any damage using various lam- 
ination technology to improve application in wastewater 
treatment. This study explored the feasibility of applying 
the nanofiber technology during industrial usage. 
 
1. EXPERIMENTAL DETAILS 
1.1. Materials 
Polyacrylonitrile (PAN) with an average molecular weight 
(Mw) of 150 kDa was purchased from Dimachema 
Pigment Corporation; N N -dimethylformamide (DMF), 
99.8% acetic acid (AA) and 98% formic acid (FA) were 
purchased from Penta s.r.o; polyamide 6 (PA6) was pur- 
chased from BASF-Ultramid B24 N 02. The supporting 
layers; 20 g/m2 polyethylene terephthalate (PET) spun 
bond nonwoven and 45 g/m2 PET woven webs were 
obtained from Hänsel and Co., GmbH (Germany) and the 
polyethylene/polypropylene (20/80) spun bond nonwoven 
bicomponents were obtained from Pegas Nonwovens. 
The wastewater was obtained from an industrial com- 
pany in the Czech Republic  which  produces  pitch  and 
tar oils. 
 
1.2. Preparation of Nanofibrous 
Membranes for Microfiltration 
The preparation procedures to fabricate nanofibrous mem- 
branes are as follows. 
PAN solutions of 8 wt.% were  prepared  by  dissolv- 
ing polymer powder in  DMF  and  stirring  the  solution  
at room temperature for 24 h until the solutions were 
homogeneous. 
PA6 solutions of 12 wt.% were  prepared by  dissolv- 
ing polymer pellet in an AA/FA (2/1) mixture and stirring 
the solution at 50 C for 24 h until the solutions were 
homogeneous. 
The solutions were electrospun directly onto a silicon 
paper substrate using a NS 1S500U Nanospider unit. All  
of the process conditions were kept stable. 
The electrospun nanofibers were laminated on 
(a) 20 g/m2 spunbond nonwoven polyethylene terephtha- 
late (PET), 
(b) 45 g/m2 woven PET, 
(c) 20 g/m2 bicomponent spunbond (PE/PP). 
A Meyer RPS-L Mini fusing machine was used to lam- 
inate the nanofibers with the supporting layers under heat 
(125 C) and pressure (15 N/cm) at a specific contact time 
(1.7 m/min). 
One of the PA6 nanofiber layers (1.11 g/m2) was 
immersed into surfactant water mixture (sodium stearate) 
for 2 minutes to improve hydrophilicity, then dried and 
laminated with woven web. The results showed that the 
nanofibrous membrane is totally hydrophilic with a con- 
tact angle of “0” which can be regarded as being “super 
hydrophilic.”39 
 
1.3. Other Analytical Methods and Equipment 
The zero-shear viscosity of the polymer solutions was 
measured using a Fungilab Expert viscometer at 23 C. 
The following parameters of the electrospun layer  in  
the nanofibrous membranes, such as average fiber diam- 
eter and surface pore size, were analysed using a scan- 
ning electron microscope (SEM, Tescan Vega3 SB).  All  
of the samples were coated for 60 s with a 7 nm layer of 
gold before SEM imaging to reduce the effect of charging. 
Image-J software was used to measure surface porosity and 
the average fiber diameter from more than 50 randomly 
selected fibers. 
The contact angle was measured at different places of 
the samples at room temperature using a Kruss Drop Shape 
Analyzer DS4. A total of 2 l of distilled water was placed 
on the surface of a clean and dry membrane surface, and 
the average values were calculated. 
Porosity, also known as packing density, defined the 
























nanofibers was estimated using the following expression 
Eq. (1): 
Porosity = 
 1 −    
× 100 (1) 
 0 
where is the density of the electrospun polymeric  
nanofiber and 0 is the density of bulk polymer.
14 The 
density of the electrospun layer was determined from the 
average of 5 samples. 
An 1200-AEL capillary flow porometer (Porous Media 
Inc., Ithaca, NY)  was  used  in  this  study  to  measure  
the pore size and distribution. The thickness of nanofi- 
brous membrane layers was measured using a microm- 
eter. Galden HT 230 with  a  defined  surface  tension  of 
19 dynes/cm was used as the wetting agent for mean pore 
size measurements. 
The permeate flux (F ) and the permeability (k) of the 
membrane were calculated by (Eq. (2) and (3)): 
other the cross direction (CD). The membranes were tested 
under wet conditions i.e., they were immersed in distilled 
water for 4 days before testing,  and  the  nanofiber  lay- 
ers were measured under dry condition due to their low 
mechanical properties. 
 
1.1. Microfiltration Set-Up 
A custom-made cross-flow laboratory module equipped 
with air pressure control and a constant water flow veloc- 
ity through the cell (70 L/min) was used to filtrate the 
wastewater using the nanofibrous membranes (the tested 
samples  had  a  rectangle  shape  with  a  surface  area  of 
1 95 × 10−3 m2) as shown in Figure 1. Bubble cleaning 
was applied to the surface during the experiment. Differ- 
ent membrane structures were placed both sides of the 
module. The membranes were tested for 15 hours and the 
flux was measured occasionally. All of the tests were per- 
formed at  room temperature. Industrial  sludge  was  used 
F = 
1 dV L/hm2 for the filtration test. 
A dt 
F 
k = L/hm2bar (2) 
where A is the effective membrane area (m2), V  is  the 
total volume of permeate (F ), P is trans membrane pres- 
sure (bar), and t is the filtration time (h). 
The sum of organically bound carbon  in  the  sludge 
was measured using the Total Organic Carbon (TOC) 
direct measurement method on an Analytik Jena Multi N/C 
2100S (Germany) apparatus. 
Tensile tests of the nanofibers and nanofibrous mem- 
branes were performed using a universal testing machine 
(Labor-Tech   s.r.o.,   CR)    with   the   extension   rate   of 
10   mm/min  at   room   temperature.  The   samples  were 
100 mm long, 25 mm wide,  and  the  distance  between 
the two clamps was 50 mm. Two directions were tested. 
The  first  was  along the  machine direction (MD),  and the 
 
2. RESULTS AND DISCUSSION 
The viscosity of the polymer solutions, as a  function of 
the share rate, shows  almost  the  same  values  for  both 
of the polymers. The results are shown in Table I. Elec- 
trospun nanofiber layers were produced with various area 
weights and were laminated with various supporting layers 
as shown in Table II. 
The same area weight (1.11 g/m2) of the PA6 nanofiber 
layer was laminated on 3 different supporting materials. 
This was used to determine the effect of the supporting 
layer on the membrane permeability. Moreover, the effect 
of the permeability was determined using various levels of 
hydrophilicity, polymers, and area weights. 
The thickness of the membrane has an important effect 
on the flux. The thickness of the nanofibrous membrane 
was measured and tabulated in Table III. 
 
 
Fig. 1. The cross- flow unit: (A) membrane cells, (B) permeate, (C) feed, (D) pump, (E) surface bubble cleaning, (F) pressure 
controller, (G) feed 






























Table I. Viscosity of PAN and PA6 solutions. 
Sample Viscosity (Pa · s) 
PAN 0 1909 
PA6 0 1277 
 
The results of Table III show that the difference in the 
thickness of the membrane increases slightly with the area 
weight of the nanofiber layer. All of  the  used  support- 
ing layers were thinner than 1 mm. The woven supporting 
layer has the greatest thickness of all the supporting lay- 
ers. In general, it can be said that there is no considerable 
difference in the thickness and the values of the materials 
are very close to each other. 
 
1.1. Tensile Strength 
The mechanical properties of the nanofibrous membranes 
were strongly  influenced  by  the  mechanical  properties 
of the supporting layers. The nanofiber layers were bro- 
ken  when  the  maximum  tensile  strength  was  applied  
to them. After lamination with strong supporting layers, 
the mechanical properties of the nanofibrous membranes 
were largely reinforced. Table IV shows the resulting 
tensile strength and elongation at the breaking  point of  
the nanofiber layers and the nanofibrous membranes. The 
nanofiber layers showed much weaker mechanical proper- 
ties compared with the nanofibrous membranes. The ten- 
sile strength of the nanofiber layers was increased from 3 
to 24 times by the lamination of the supporting layers. 
 
1.2. Membrane Characterization 
1.2.1. Membrane  Hydrophilicity 
The contact angle is an important parameter in membrane 
sciences. Measurement of the contact angle ( ; [ ]) deter- 
mines the hydrophilicity of the membrane. The contact 
angle values of the nanofibrous membranes are shown in 
Figure 2. It was found that the hydrophilicity of the mem- 
brane surface has an important influence on the mem- 
brane water flux and antifouling properties.40 41 The lower 




flux. Nanoparticle-loaded hydrophilic polysulfone (PSf) 
increased the water flux by >600% in comparison to the 
plain PSf membrane, and also increased the oil rejection 
and antifouling against the formation of an oil  layer  on 
the surface of the membrane.42 A cake model was stud-  
ied to evaluate the drop in the PMMA  membrane flux. 
The results showed that a higher hydrophilic character pro- 
duces a lower rate of membrane fouling.43 
Figure  2  indicates  that  two  of  the  materials  show    
a hydrophilic structure (contact angle < 90 ). Synthetic 
polymers with hydrophilic groups such as hydroxyl, car- 
boxyl and carbonyl groups have either a strong or weak 
interaction with water. PA6 hydrophilic groups such as the 
hydroxyl group have a high affinity for moisture adsorp- 
tion and are applied to the membrane technology, which 
increases the hydrophilicity of PA6 nanofibers. 
PAN has a hydrophilic nature. PAN is a semi-crystalline 
polymer with high polarity. Its polar nitrile groups possess 
a high dipole moment around 3.9 D.44 Polar compounds 
with a large dipole moment tend to be soluble in water, 
while those with a near zero dipole moment are called 
non–polar and tend to be insoluble in water. The high 
polarity of the PAN polymer increases the hydrophilicity  
of the nanofiber layer. 
The dot-lamination of PA6 with the co-polyamide adhe- 
sive showed hydrophilic  characteristics.  It  was  found 
that hydrophilic membranes can be produced using co- 
polyamide polymers.45 During the hot press in fusing 
equipment, the dot-shaped co-polyamide adhesives melted, 
passed through the pores of the nanofiber layer and cov- 
ered the surface as shown in Figure 3. The co-polyamides 
 
 









PA6 1 11 – PA6-1.11 
  Bicomponent PA6-1.11 bico 
  PET nonwoven PA6-1.11 aw 
  PET woven PA6-1.11 dot 
 2 31 – PA6-2.31 
  Bicomponent PA6-2.31 bico 
PAN 3 21 – PAN-3.21 
  Bicomponent PAN-3.21 bico 
PA6-super 1 11 PET woven PA6-1.11 SH dot 
hydrophilic    
 
Table III. Thickness of nanofibrous membranes. 
Membran e Thickness (mm) 
PA6-SH do t 0 106 
PA6-1.11 dot 0 118 
PA6-1.11 aw 0 088 
PA6-1.11 bico 0 068 
PA6-2.31 bico 0 081 




























Fig. 2. Contact angle values of membranes. 
 
on the surface increased the hydrophilicity of the 
membrane. 
 
1.1.1. Membrane  Surface  Morphology   Evaluation 
Based on the SEM images, the membrane surface pore 
sizes, fiber diameter and distribution were analysed using 
Image J software. Image J porosity measurements are  
done in a 2D way (from SEM images) on the surface of 
membranes. To understand the effect of various polymeric 
nanofibers on the membrane morphological characteristics, 
the fiber diameter, fiber diameter distribution and surface 
porosity were determined as shown in Figures 4, 5 and 
Table IV. The porosity of the polymeric nanofiber layer 
was calculated using Eq. (1). 
As shown in Figure 4 and 5 the fiber diameter of PA6 
did not considerably change, whereas PAN increased after 
lamination. PAN nanofibers changed their round shape to  
a flattened shape after the heat and pressure of the lami- 
nation process, which may decrease the size of the pores. 
Table  V  presents  the  results  for  the   surface   poros- 
ity, porosity and mean pore size of the nanofiber layers. 
The surface porosity indicated that the measurements were 
taken from the surface of the material. 
 
Fig. 3. Co-polyamide adhesive dots before and after the lamination 
process. 
Fig. 4. Fiber diameter  of nanofiber  layers before and after the lamina-  
tion process. 
 
The nanofiber layers with lamination presented the low- 
est surface porosity and pore size, probably because of the 
hot press in the fusing equipment. It can be noted that the 
hot press lamination slightly affects both the fiber diame- 
ter, pore size, and the surface porosity. Moreover, immers- 
ing the PA6 nanofiber layer into a surfactant decreases the 
surface porosity of the membrane. There is no consider- 
able difference in between pore size of the membranes. 
This could be due to changes in the orientation and 
swelling of  the  fibers  in  the  surfactant-water  solution.  
It was not possible to measure the total membrane compos- 
ite porosity due to the unknown density of the adhesives. 
Only the porosity of the  nanofiber layers was  measured.  
It can be concluded that the area weight plays an important 
role in the porosity of layers and slightly on mean pore 
size. A higher area weight yields a lower porous structure 
due to the compact packing density. 
 
1.2. Microfiltration Process Results 
1.2.1. Effect of Supporting Layer 
Microfiltration experiments  were  carried  out  to  study 
the permeability properties of the nanofibrous composite 
membranes. The flux and the permeability of  permeate 
was calculated using Eqs. (2) and (3). The trans mem- 
brane pressure was almost the same for all the membranes 
whereas flux of permeate showed differences. Various sup- 
porting layers were used with their specific lamination 
technology. The supporting layers had almost the same 
thickness. The cross flow membrane filtration system was 
used during a 15-hour operating time as shown in Figure 1. 
Figure 6 shows the permeability of the membrane as a 
function of time for the various supporting layers. 
The results showed that the supporting layer has an 
important role for the beginning of the process. Obviously, 
the permeability is initially high and falls  off  rapidly  






































































Fig. 5. SEM images and fiber diameter distribution of nanofiber layers before and after the lamination process, (A) PA6-1.11,  (B) PA6-
1.11  bico, (C) PA6-1.11 aw, (D) PA6-1.11 dot, (E) PA6-2.31, (F) PA6-2.31 bico, (G) PAN-3.21, (H) PAN-3.21 bico, (I) PA6-1.11 SH 
dot. 
 
and more rapid over time. Many studies have shown that 
the flux decreases with operating time and reaches stable 
flux attenuation.29 46–48 A similar permeability decline was 
observed for all of the membranes. The main reason is 
membrane fouling. Membrane fouling increases resistance 
to the flow of the continuous phase through the membrane 
due to blocking of the pores and deposition of a cake layer 
on the surface. Moreover, solid particle deposition within 
the membrane pores can affect membrane fouling. The 
flux is affected by the formed cake layer that changes the 
pore size distribution and resistance to the permeate flow 
until it attains a steady state as the cake layer reaches the 
equilibrium thickness. 
It can be seen from Figure 6 that the permeability of the 
membranes is almost steady after 11 hours of filtration. 


























almost the same permeability value after 13 hours filtration 
whereas PA6-1.11 aw has higher than others. 
The packing density of the material is very important  
for the permeate flux and the membrane permeability. The 
results showed that not only the nanofiber layer on the 
surface but also supporting layer plays a big role for flux 
efficiency. 
Figure 7 shows the supporting layers and their surface 
porosity calculated by image J program. The PET spun- 
bond has a very open structure, which helps to increase  
the permeate flux and permeability compared to the other 
supporting layers. It is evident that the supporting layer 
under the nanofiber layer is an important parameter for the 
membrane filtration process. 
 
1.1.1. Effect of Nanofiber Area Weight 
The  effect of  the  nanofiber area  weight on  the permeate 
flux  and the  membrane permeability has  not been studied 
 
Fig. 7. Supporting layers and surface porosity in %; (A) PET spunbond 
nonwoven, (B) bicomponent spunbond nonwoven, (C) PET woven web. 
 
properly yet. Packing density, basis weight (area weight), 
fiber diameter and thickness of the nanofiber layer all 
effect permeate flux efficiency. It is well known that pack- 
ing density plays an important role on the porosity and the 
bubble point of the nanofiber layer.49–51 Packing is directly 
related to the area weight of the nanofibrous material. 
Figures 4 and 5 show that the diameters of the nanofiber 
layers are close to each other. Permeability was compared 
according to various area weights of the nanofibers as 
shown in Figure 8. 
PA6-1.11 and PA6-2.31 are the same material. The area 
weight of the layers was arranged by changing the speed of 
the backing paper on the Nanospider equipment. A slower 
speed of the backing paper leads to more fibers being col- 
lected on the surface of the paper. Figure 8 shows that the 
area weight of the nanofibers is an important parameter for 
wastewater treatment. The permeability of PA6-1.11 bico 
was almost four times higher than PA6-2.31 at the end of 
the 15-hour operation time. The results show that low area 
weights of the nanofiber layers tend to have higher per- 
meability, but the retention efficiency of the solid particles 























PA6-1.11  30 76 88 86 755 01 ± 350 60 
PA6-1.11 bico 20 01 88 86 753 01 ± 350 32 
PA6-1.11 aw 29 76 88 86 808 80 ± 348 10 
PA6-1.11 dot 28 08 88 86 775 12 ± 351 05 
PA6-1.11 SH dot 17 7 88 86 786 36 ± 349 75 
PA6-2.31  29 97 87 02 762 35 ± 351 60 
PA6-2.31 bico 25 61 87 02 727 01 ± 352 30 
PAN-3.21  20 83 85 15 758 45 ± 345 80 






































Fig. 8. Membrane permeability as a function of the time of the various 
area weight of nanofiber layers. 
 
1.1.1. Effect of Polymer Type 
Pore blockage, rejection of solid compounds and the 
permeate flux characteristics of the membrane strongly 
depend on the chemical structure of the active layer and 
the features of the surface where the primary separation of 
solutes occurs. Different membrane types can show differ- 
ent levels of permeability.52 53 Lehman et al. showed that 
the use of a ceramic membrane can lead to a high flux due 
to less membrane fouling.54 A comparison of the different 
polymers is shown in Figure 9. 
PA6-2.31 bico and PAN-3.21 bico nanofiber layers had 
very similar profiles throughout the period of filtration. 
Figure 9 shows that the permeability of high area weight 
PA6-2.31 bico and PAN-3.21 bico membranes are almost 
the same after 4 hours of filtration. The low area weight 
PA6-1.11 bico membrane had a 4-times higher permeabil- 
ity than high area weight PA6-2.31 bico and PAN-3.21  
bico membranes even after 14 hours of filtration. The 
result shows that area weight is much more important for 
permeability than the type of polymer. 
 
 
Fig. 9. Membrane permeability as a function of the time of the various 
polymeric nanofiber layers. 
1.1.2. Effect of Hydrophilicity 
In water treatment, hydrophilic membranes show resis- 
tance to fouling because of their affinity for water.55 56 
Figure 10, shows the permeability of the same material 
with different contact angles. PA6-1.11 SH dot is super 
hydrophilic, and PA6-11 dot  is  hydrophilic. The  results 
of the test showed that super hydrophilic material has a 
slightly less permeability than hydrophilic material. Unlike 
the literature, increasing the hydrophilicity of the same 
membrane did not increase flux. It is evident that super 
hydrophilic membranes increase fouling due to blocking of 
the pores with solid compounds. Water is strongly bound 
to a highly hydrophilic membrane surface, and foulants 
penetrate through the pores. 
To compare the permeability, PA6 (1.11 g/m2) nanofiber 
composite membranes with various contact angles were 
studied as shown in Figure 11. The results show that 
hydrophilic membranes PA6-1.11 SH dot and  PA6-1.11 
dot have a lower permeability than hydrophobic PA6-1.11 
aw (CA 1100). Increasing the hydrophilicity of same 
nanofiber layer with the same area weight did not increase 
the permeability of the membrane. The supporting layer 
has a greater influence on the  membrane permeate flux 
and permeability than the hydrophilicity of the membrane 
under the same operating conditions. 
The amounts of total filtrated permeate during a con- 
stant time according to membrane structure are given in 
Figure 12. 
The results show that the supporting layer and a low 
area weight have an important impact on  total separation 
in wastewater, which has a direct effect on the cost of 
operation. 
 
1.2. TOC Test Results 
The separation of wastewater can be easily observed. The 
difference between feed and permeate water is illustrated 
in Figure 13(A). The membrane before and after filtra-  
tion is shown in Figure 13(B). Figure 13 shows that black 
 
 
Fig. 10. Membrane permeability as a function of time (hydrophilic and 



































Fig. 11. Membrane permeability as a function of time (membranes with various contact angles (CA)). 
 
solid compounds were caught by the nanofiber composite 
membrane and the sludge separated. 
Qualitative measurement is not sufficient to determine 
the efficiency of separation. TOC tests were run for quan- 
titative measurement (Fig. 14). The TOC was used to 
measure the sum of all organic carbons within the feed  
and permeate water, representing the concentration of 
mg/L. TOC analysis is a quick and reliable method for   
the measurement of dissolved organic pollution of indus- 
trial wastewater. Before measuring the TOC of wastewater 
(feed solution), a rough filtration (pore size of the filter is  
0 45 m) was performed to eliminate any large particles. 
Figure 14 shows the TOC rejection of the  membranes. 
The high area weight nanofibrous membranes had very 
 
Fig. 12. Amount of permeate after 15 hours of operating time. 
good TOC retention of more than 70%. However, the low- 
est area weight nanofiber membranes (PA6-1.11 dot and 
PA6-1.11 aw) had a lower retention of approximately 40%. 
When the TOC results are compared with the results of the 
total amount of filtrated permeate and surface porosity and 
the mean pore size, the relation is visible. The nanofibrous 
membranes with a more open and porous structure not 
only increase the amount of filtrated permeate and flux but 
also increase the amount of solid particles passing through 
the membrane. It should be taken into consideration that 
the feed solution was filtrated before TOC measurement 
due to the high amount of organic compounds. 
It  was  found  that  the  use  of  a   nanofiber  membrane 
decreases the TOC value from 5057 mg/L to 14.8 mg/L.57 
In another work  using  a  ceramic  membrane microfilter, 
a retention in TOC of 64% was achieved.58 Surely, the 
TOC retention of all the samples higher than 40% which  
is compatible with literature.57 58 Surprisingly, a compar- 
ison of the results of PA6-11 dot and PA6-1.11 SH dot 
showed that the hydrophilicity of the membranes increases 


















































Fig. 14. The TOC retention by membranes. 
 
There can be two explanations; firstly, the highly absorbent 
PA6-1.11 SH dot membrane allows the feed solution to 
pass through the membrane very quickly and solid parti- 
cles in the feed solution stick to the membrane surface and 
block the pores. Secondly, due to swelling of the PA6-1.11 
SH dot nanofiber layer in chemical treatment, the diameter 
of the pores is reduced after lamination. 
 
1. CONCLUSION 
In this study, the influence of the structure of nanofibrous 
membranes on microfiltration was studied. The fiber diam- 
eter of membranes was changed to between 90–150 nm 
without altering the porosity. The operating conditions 
were kept stable during the process. Based on the results  
of the evaluation tests we can state that: 
— The same nanofiber layer on various supporting lay-  
ers was laminated, and the membrane permeability was 
measured. It was observed that an open structure sup- 
porting layer slightly increases the membrane permeabil- 
ity while the total amount of filtrated permeate increases 
dramatically. 
— Nanofiber layers with various area weights reflected the 
fact that it is very important to arrange the area weight of 
the nanofiber layer. A more compact nanofiber composite 
membrane means low flux of permeate. The results indi- 
cate that the area weight of the nanofiber layer has the 
most important effect on the permeate flux performance 
and membrane permeability. 
— Both PA6 and PAN nanofiber layers have almost the 
same permeability when the area weight is above 2 g/m2. 
It was found that area weight has a bigger impact on mem- 
brane permeability. 
— Unlike the literature, it was found that increasing 
hydrophilicity of the same type of membrane did not 
increase the flux. Furthermore, permeate flux and perme- 
ability decrease slightly due to blocking the  pores from 
the beginning of the filtration process. Hydrophilicity is 
not responsible for improvements in performance. 
— For all the membrane types, the permeability decreased 
sharply at the start, presumably due to pore blockage by a 
cake layer on the surface. Nevertheless, the permeability 
reached a steady state after a while, indicating that a stable 
dynamic layer was formed. 
— TOC results showed that the nanofibrous membranes 
are able to retain organic compounds well. It was found 
that not only the higher area weight nanofiber layer but 
also the hydrophilicity of the membrane increases the 
retention of organic compounds. 
Solid particles of a small size easily penetrated the pores of 
the nanofibrous membrane and then block them by adsorp- 
tion on the membrane surface. Because of fouling, the flux 
of the membranes declines and reaches stable flux attenu- 
ation after a while, which results in increases in  the cost  
of the operation of the membrane. The best results were 
obtained for a PA6-1.11 g/m2 laminated with PET non- 
woven membrane (PA6-1.11 aw). By changing the opera- 
tional conditions and using additives, the fouling effect can 
be minimized. A PA6 nanofiber composite membrane with 
low area weight shows good potential for microfiltration 
processes in industrial application. 
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Abstract: In the new century, electrospun nanofibrous webs are widely employed in various 
applications due to their specific  surface  area  and  porous  structure  with  narrow  pore  size.  
The mechanical properties have a major influence on the applications of nanofiber webs. 
Lamination technology is an important method for improving the mechanical strength of 
nanofiber webs.       In this study, the influence of laminating pressure on the properties of 
polyacrylonitrile (PAN) and polyvinylidene fluoride (PVDF) nanofibers/laminate was 
investigated. Heat-press lamination was carried out at three different pressures, and the surface 
morphologies of the multilayer nanofibrous membranes were observed under an optical 
microscope. In addition, air permeability, water filtration, and contact angle experiments were 
performed to examine the effect of laminating pressure on   the breathability, water permeability 
and surface wettability of multilayer nanofibrous membranes. A bursting strength test was 
developed and applied to measure the maximum bursting pressure of the nanofibers from the 
laminated surface. A water filtration test was performed using a cross-flow unit. Based on the 
results of the tests, the optimum laminating pressure was determined for both PAN and PVDF 
multilayer nanofibrous membranes to prepare suitable microfilters for liquid filtration. 
 




Electrospun polymeric nanofiber web has gained increasing importance in the production of 
engineered surfaces with sub-micron to nano-scale fibers. The widely employed areas of 
electrospun nanofibers are tissue engineering [1,2], wound healing [3], drug delivery systems [4], 
composites [5], solar cells [6], protective clothing [7], lithium-ion batteries [8,9], sensors [10–12], gas 
sensors and separators [13,14], and air and water filtration [15–19], owing to their high surface-
area-to-volume ratio, highly porous structure and extremely narrow pore size. The main factor 
influencing the application of nanofibers is their mechanical properties. An electrospun nanofiber 
has very poor mechanical strength due to low contact and adhesion between the fibers. 
Several methods have been developed to provide suitable mechanical strength to electrospun 
nanofibers. One of the most common methods is to blend several polymers, the advantage of 
which is that it is easy and low-cost.   However,  it is necessary to use polymers which can dissolve 
in     the same solvent system,  of which there are only a few [20,21].  In another method,  
lamination  was achieved using an epoxy composite.   In this method, an electrospun layer 
was laid on the 
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epoxy/curing agent in a mold and then the curing process was performed for a period of 16 h [22]. Nanofiber 
reinforced nanomaterials such as carbon nanotubes and graphene represent another route for improving the 
mechanical strength of nanofibers. However, this method is costly and in some cases has a low efficiency 
[23,24]. Charles et al. [25] used a dip coating method to improve the mechanical strength of nanofibers. They 
described the mechanical properties of a composite system comprising hydroxyapatite (HA)-coated poly (L-
lactic acid) (PLLA) fibers in a poly (ε-caprolactone) (PCL) matrix. A biomimetic method was used to coat the 
fibers with HA, and a dip-coating procedure served for the application of PCL to the coated fibers. The 
composite was formed into a bar using compression molding at low temperatures. The disadvantage of this 
method is that it is a time- and chemical-consuming procedure. Xu et al. [26] developed a self-reinforcing 
method to enhance the strength of polycarbonate (PC) membranes. In this method, the PC nanofibers were 
immersed into a solvent (30%) and non-solvent (70%) mixture, which resulted in enhancement in the strength 
(128%) owing to the fusion of junction points. The entire porous structure on the PC nanofibers was destroyed, 
which greatly impaired the application of the membranes.  The thermal lamination method is one  of the most 
reliable, repeatable, time-saving, environmentally friendly and cost-effective methods used to adhere two 
surfaces. In this method, an adhesive polymer or web is usually applied between two surfaces. Using heat and 
pressure, the surfaces adhere to each other. There is a large amount of research related to improving the 
strength of nanofibers; however, the number of reports is still limited compared to those dealing with 
lamination technology. Jiricek [27,28] and Yalcinkaya et al. [29,30] used a bi-component polyethylene 
(PE)/polypropylene (PP) spunbond as a supporting layer for nanofiber layers. A fusing machine was used for 
the lamination process. A nanofiber layer was adhered on the outer surface of the bi-component due to the 
low melting point of PE. The resultant multilayer nanofibrous membranes were used for micro and nanofilters. 
The supporting material and the density of the nanofibers have an influence on the water and air permeability 
of the multilayer materials. Yoon et al. [7] laminated nanofibers with various densities of polyurethane (PUR) 
fiber onto different textile surfaces using an adhesive web. The results showed that the various multilayer 
nanofibrous membrane structure designs had a considerable influence on the degrees of breathability and 
waterproofness of the textile surfaces. In our previous work [31], it was observed that both the supporting 
material and the density of the nanofiber web have an influence on the water permeability of the multilayer 
nanofibrous membranes. The lower area weight with open structure supporting materials has higher water 
flux and permeability. Kanafchian et al. [32] used a heat-press technique to laminate the polyacrylonitrile (PAN) 
nanofiber on a polypropylene spunbond at various laminating temperatures. It was observed that, when the 
applied temperature is lower than the melting point  of polypropylene spunbond, the nanofiber web remains 
unchanged. Moreover, the increase in temperature increased the adhesion between nanofiber while decreasing 
the air permeability. 
Although the system and parameters of the electrospinning process have been well analyzed, there 
is still a lack of information about a proper lamination technique for nanofiber webs. So far, mainly the effect of 
temperature on the lamination of electrospun nanofiber webs has been investigated using heat-press methods 
[32–34]. Yao et al. [33] studied the effect of the heat-press temperature, pressure, and duration on the 
morphological and mechanical characteristics of an electrospun membrane for membrane distillation.  The 
results showed that the temperature and duration of the heat-press  play more important roles than the 
pressure in the heat-press treatment. However, the pressure varied between 0.7 and 9.8 kPa at 150 ◦C during a 
2-h period, which is time- and energy-consuming and therefore a more comprehensive parametric study is 
required.   The aim of this study is to consider the influence of laminating pressure on the properties of 
multilayer nanofibrous membranes. Polyvinylidene (PVDF) and polyacrylonitrile (PAN) are the most 
commonly used nanofiber layers owing to their chemical and thermal stability. Herein, both polymers were 
electrospun using a semi-industrial scale nanofiber production method. The nanofiber layers were laminated 
onto a nonwoven surface to improve their mechanical strength via the heat-press method,  which is easy  to 







temperature and the duration of lamination, were kept stable. The effect of the laminating pressure on the 
nanofiber web has not yet been well reported. To investigate the effect of the pressure on the 
nanofiber/laminate process, surface morphology under an optical microscope, the minimum bursting pressure, 
air permeability, water permeability and contact angle tests were applied. Our objective was to optimize the 
lamination technology and produce multilayer nanofibrous membranes for suitable application in liquid 
filtration. Another novelty of this paper is that nanofiber layers were produced by using the industrial 
equipment, and that the layers strongly adhered on the supporting layer without any damage using various 
lamination pressures to improve their application in liquid filtration. 
1. Materials and Methods 
 
1.1. Preparation of Nanofibre Webs 
13 wt. % PVDF (Solef 1015, Bruxelles, Belgium) was prepared in N,N-dimethylacetamide (DMAC) and 8 
wt. % PAN (150 kDa H-polymer, Elmarco, Liberec, Czech Republic) was prepared in N,N-dimethylformamide. 
The solvents were purchased from Penta s.r.o. (Prague, Czech Republic). The solutions were stirred overnight 
using a magnetic stirrer. Nanofiber webs were prepared using the semi-industrial Nanospider electrospinning 
device (Elmarco, Liberec, Czech Republic) as shown in Figure 1. 
 
 
Figure 1. Schematic diagram of an electrospinning unit. 
 
The solution is placed in a solution tank, which is a closed system and connected to a solution bath. The 
wire electrode passes along a metal orifice in the middle of the solution bath. The solution bath is moved back 
and forward to feed the surface of the wire electrode. The solution bath feeds the polymer solution on a 
moving stainless steel wire. The speed of the bath is 240 mm/s. A high voltage supplier is connected to a 
positively charged wire electrode (55 kV). A second wire electrode, which is connected to a negatively charged 
voltage supplier (−15 kV), is placed on the top of the spinning unit. A conveyor backing material is placed 
between the two electrodes. The spinning takes place between the two electrodes. The nanofiber web is 
collected on baking paper moving in front  of the collector electrode. The distance between the electrodes is 188 
mm. The distance between the second electrode and the supporting backing material is 2 mm. The speed of the 
backing material for PAN and PVDF is 15 mm/min and 20 mm/min, respectively. The amount of solution on 








the metal orifice (0.6 mm) in the middle of the solution bath. No solution dipping was observed. An air conditioning 
unit is used to control the humidity and temperature of the spinning in a closed chamber. The temperature and 
humidity of the input air are set to 23 ◦C and 20% by the air-conditioning system. The volumes of air input and 
output are 100 and 115 m3/h, respectively. The area weight of the PVDF and PAN nanofibers was set at 3 g/m2. 
1.1. Lamination of Nanofibre Webs 
The prepared nanofiber webs were cut into A4 size (210   297 mm2).  As a supporting layer,    120 g/m2 of 
polyethylene terephthalate spunbond nonwoven and 12 g/m2 of adhesive web were used (the supplier information 
is not given). Heat-press equipment (Pracovni Stroje, Teplice, Czech Republic) was used for the lamination process 
(Figure 2).   In this equipment there are two metallic hot     plates (upper and lower) used under pressure.  The 
nanofibers,  a copolyamide adhesive web and    a polyethylene terephthalate spunbond supporting layer were 
placed between the two hot plates. Two silicon layers were used to block direct contact between the multilayer 
nanofibrous membranes and the hot plates. The heat was applied (130 ◦C) for a duration of 3 min. Pressures of 50, 75 
and 100 kN were applied between the upper and lower plates. For each pressure, PVDF and PAN nanofiber webs 
were used. The resultant multilayer nanofibrous membranes were termed PAN50, PAN75, PAN100, PVDF50, 
PVDF75, and PVDF100 according to the pressure value. 
 
 
Figure  2. Schematic design of the heat-press equipment and replacement of the multilayer nanofibrous 
membranes. 
 
1.2. Characterization of the Multilayer Nanofibrous Membranes 
The surface morphology of the electrospun fibers and laminated multilayer nanofibrous membranes was 
observed using a scanning electron microscope (SEM, Vega 3SB, Brno, Czech Republic). From each sample, at least 50 
fibers were measured. The fiber diameter was analyzed using the Image-J program (free online program). The 
Origin-Lab program was used to evaluate the diameter distribution. The surface contact angle of the samples was 
measured using a Krüss Drop Shape Analyzer DS4 (Krüss GmbH, Hamburg,  Germany),  at five different points,  
using distilled water (surface  tension 
72.0 mN m−1) and ethylene glycol (surface tension 47.3 mN m−1) on the clean and dry samples at room 







ATLAS Air Permeability Tester (@200 Pa and 20 cm2, Rock Hill, SC, USA). At least three measurements were taken for 
each sample. 
The maximum, average and minimum pore sizes were determined by a bubble point measurement device, which 
was developed in our laboratory. The bubble point test allowed the size of the pores of the porous material to be 
measured. The pore flow means a set of continuous hole channels connecting the opposite sides of the porous material 
(see Figure 3). At least three measurements were taken. 
 
Figure 3. Schematic diagram of pore flow and forces acting on a pore. 
 
The main part of the method was to control the pressure needed to pass a liquid through the tested porous 
material and for wetting the sample. This is because the wetting force (and hence the opposite force required to 
extrude the liquid) depends on the pore circumference. The principle for calculating the pore size is shown in Figure 
3 and Equations (1) and (2). 
 
Fγ = γπD (1) 
 
Fp = pS (2) 
where Fγ is the force given by surface tension γ of the liquid around the perimeter of πD. The force Fp is given by 
external pressure p displacing the liquid from the pores and acting on the surface of pore S. It is possible to calculate the 
magnitude of the force given by the surface tension and the force   given by the pore pressurizing fluid. By increasing 
the air pressure and measuring its flow through the sample, the size of the average and minimum pores can also be 
determined. In this case, it is necessary to compare the pressure curve of the wet sample with the pressure curve of the 
dry sample (see Figure 4). The dry sample pressure curve required to determine the mean and minimum pores is also 
applicable for determining the air permeability coefficient (K) of the sample calculated according 
to the relation (Equation (3)): 
K = Q/(∆p A) (3) 
where Q is the air flow rate (m2/s), ∆p is the pressure drop of the sample, and A is the area of air flow (m2). 
When the pressure increases in the dry sample, the flow rate also increases. Conversely, in the wet sample, at the 
beginning, there is no flow because all the pores are filled with the liquid. At a certain pressure, the gas empties the 
largest pore, which determines the minimum pore size, and gas begins to flow through the wet sample. The 
intersection between the calculated half-dry and the wet sample gives the mean flow pore size. When all the pores 
are emptied, an intersection between the wet and dry curve will be observed. This means the relation between the 







flow becomes linear and the intersection of the wet and dry curve represents the detected minimum pore size. 
 
 
Figure 4. Example of a pressure drop determination to calculate the pore size. 
 
The bursting strength of the multilayer nanofibrous membrane was tested, and the maximum delamination 
pressure was recorded. The testing device was developed in our laboratory as shown in Figure 5. In this test, the 
samples were placed between two rings, and the nanofiber side of the samples was placed on the upper side. The 
sample size was 47 mm in diameter. Pressurized water was sent to the membrane, and the hydrostatic pressure 
was measured using a pressure controller, which was placed in front of the membrane and connected to a 
computer. The hydrostatic pressure was increased gradually, and as soon as the nanofiber layer burst, the pressure 
value on the screen decreased sharply. The maximum pressure value was recorded as the bursting strength of the 
membrane. The testing samples are shown in Figure 5. After bursting, the nanofiber layer delaminated from the 
surface of the multilayer membrane. At least three measurements were taken for each membrane. 
 
 
Figure 5. Bursting strength testing unit. 
 
A lab-scale cross-flow filtration unit was developed as shown in Figure 6. Tap water was used as the feed 
solution. The maximum amount of feed solution was 1500 mL. The flux (F) and the permeability (k) of the 
membranes were calculated according to Equations (4) and (5) [31,35]: 
F = 









𝑘 = 𝐹/𝑝  (5) 
where A is the effective membrane area (m2), V is the total volume of the permeate (L), p is the 
transmembrane pressure (bar), and t is the filtration time. 
 
Figure 6. A cross-flow unit: (A) membrane cells; (B) permeate; (C) feed; (D) pump; (E) surface bubble 
cleaning; (F) pressure controller; (G) feed flow speed controller. 
 
1. Results and Discussion 
 
1.1. Characterization of Nanofibre Webs and Laminated Multilayer Nanofibrous Membranes 
To characterize the nanofiber webs into the format of multilayer nanofibrous membranes, 
various aspects of their material properties were carefully considered.  These properties include   
the fiber diameter, diameter distribution, mean  pore  size,  wetting  property,  air  permeability,  
and bursting strength. 
The surface morphology of the nanofiber webs before and after lamination was imaged using 
a scanning electron microscope as shown in Figure 7. The average fiber diameter of the PAN and 
PVDF nanofibers before lamination was determined to be 171 nm and 221 nm, respectively. The 
diameter of the PVDF nanofibers was greater than that of the PAN nanofibers. The main reason was 
the difference in viscosity. In previous work [36], it was determined that a 14 wt. %. PVDF solution 
has a viscosity of 969 mPa.s, while 8 wt. %. PAN has 191 mPa.s.  Based on the viscosity results, one 
can expect that a polymeric solution with a lower viscosity will have a lower fiber diameter. After 
the lamination process, neither the PVDF nor the PAN nanofiber diameters significantly changed at 
a pressure of 50 kN (Figure 8). However, significant changes were observed at laminating 
pressures of 75 kN and 100 kN. When the highest laminating pressure was applied (i.e., 100 kN), the 
diameter of the PAN and PVDF nanofibers increased by 14% and 25%, respectively. The fibers were 
flattened under heat and pressure, and the fiber diameter increased gradually. The highest fiber 
diameter changes were observed in the case of the PVDF nanofiber layer due to its lower glass 










Figure 7.  SEM images and fiber diameter distribution of (A) PAN  nanofiber web before  lamination; 
(B)  PAN50;  (C)  PAN75;  (D)  PAN100;  (E)  PVDF  nanofiber  web  before  lamination;  (F)   PVDF50; 


































It was verified that there is a strong correlation between the electrospun fiber diameters and the 
polymer concentration, which has been well documented in the literature [39–41]. From the SEM images, the 
PAN and PVDF multilayer nanofibrous membranes exhibited bead-free surface morphology. 
The average pore size of the membranes is given in Figure 9. Electrospun materials readily deform at low 
pressures. Since the tensile strength of PVDF and PAN nanofibers before lamination is quite low to 
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Figure 9. The relationship between the mean pore size and the laminating pressure of (A) PAN and 
(B) PVDF multilayer nanofibrous membranes. 
 
In general, there is a correlation between the fiber diameter and the average pore size of the 
nanofibers. Reducing the fiber diameter increases the surface area and compact web structure, which 
results in a small pore size [42]. Bagherzadeh et al. [43] demonstrated a theoretical analysis to predict the 
pore size of electrospun nanofibers. According to their theory, at a given web porosity, increasing the fiber 
diameter and thickness of the web reduces the dimensions of the pores. This theory was validated 
experimentally, and the results were compared with the existing theory to predict the pore size distribution 
of nanofiber mats. Their results showed that the pore size significantly increased with an increase in fiber 
diameter, web porosity and density of the layers. In this work, the correlation between the diameter of the 
PVDF nanofibers and the mean pore size was compatible with the literature, while PAN showed an 
opposite correlation. The laminating pressure effect must be taken into consideration. The nanofiber layer 
did not change; only the fibers flattened after lamination due to the pressure. It was expected that a higher 
pressure would cause a lower pore size since the fibers flattened and melting adhesive filled more of the 
pores and covered the surface of the nanofibers as shown in Figure 10. The PAN multilayer nanofibrous 
membranes fulfilled this expectation while the PVDF did not. Figure 9B shows that the average pore size 
and the standard deviation of the pore size measurements increased with pressure, which could be due to 
possible damage of the PVDF nanofibers under high pressure. Gockeln et al. [44] investigated the influence 
of laminating pressures on the microstructure and electrochemical performance of the lithium-ion battery 
electrodes. The results indicated that all the laminated samples showed highly porous and homogeneous 
networks, while the pore size slightly decreased with an increase in laminating pressure. At higher 
pressures, the intrinsic electrical conductivity was improved due to more compression. 
The  water  and  ethylene  glycol  wettability  of  the  PAN   and  PVDF  multilayer  nanofibrous 
membranes were examined by a contact angle measurement as shown in Figure 11. The surface energy 
and surface roughness are the dominant factors for the wettability. As can be seen from Figure 11, an 
increase in laminating pressure decreased the water and ethylene glycol contact angle of both PAN and 
PVDF multilayer nanofibrous membranes. Hence, ethylene glycol has a lower surface energy compared to 
water, with the differences in contact angle value being 20◦ for PAN and 30◦ for PVDF. Similar behavior 



























energy is lowered, and surface roughness is raised, the hydrophobicity is enhanced [47–49]. With 
the help of heat, the higher laminating pressure on the surface may cause changes to the surface 
shape and make the surface flatter, which results in an increase in the surface wettability (Figure 
11). The PVDF membranes showed hydrophobic characteristics at the lowest laminating pressure 
(i.e., 50 kN), while at higher laminating pressures they showed hydrophilic properties. By setting 
the lamination process parameters, one can prepare hydrophilic PVDF multilayer nanofibrous 
membranes without any surface modification. 
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Figure  11. Contact   angle   vs. laminating pressure of (A) PAN; (B) PVDF multilayer 
nanofibrous membranes. 
The morphology of the nanofiber webs, including their pore size, shape, size distribution and 
porosity, has a significant influence on the air permeability of the multilayer membrane. To 
investigate the effect of laminating pressure on the air permeability of the multilayer nanofibrous 
membranes, the samples were placed on a circular sample holder, and the air flow rates through the 
samples were measured (Figure 12A). Like the air flows, the areas of the sample and pressure drop 
remained constant 
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during the measurement. Due to the weakness of neat nanofiber layers, the air permeability test was not 
performed. In a previous study [31], the tensile strength of the nanofiber layers was found to be between 3 




















































80 90 100 
Pressure (kN) Pressure (kN) 





















Figure 12. Influence of laminating pressure on (A) air permeability; and (B) bursting strength of multilayer 
nanofibrous membranes. 
Abuzade et al. [50] studied the effects of the process parameters (e.g., concentration of solution, 
applied voltage) on the porosity and air permeability of an electrospun nanoweb. The results showed that 
the nanofiber diameter and size distribution are dominant parameters in controlling the pore sizes formed by 
the nanofiber intersections and air permeability of the electrospun web. Figure 12A showed that increasing 
the laminating pressure lowered the air permeability of the multilayer membranes. Compression of the 
melting adhesive, filling the pores of the nanofiber and nonwoven web, covered the surface of the thin 
nanofiber layer and created a non-porous film (Figure 10). As a result, the breathability of the membranes 
was decreased. Similarly, Kanafchian et al. [32] claimed that during the lamination, the melt adhesive 
penetrates through the nanofiber/fabric structure, which leads to filling of the pores of nanofibers and a 
decrease in air permeability. The PAN multilayer nanofibrous membrane has a lower air permeability than 
PVDF, mainly due to the lower fiber diameter of the PAN nanofibers compared to the PVDF nanofibers. 
Rajak et al. [51] prepared PAN nanofiber webs from various concentrations. The results indicated that 
changes in concentration affect the fiber diameter. At a higher concentration and fiber diameter, the air 
permeability has a higher value. 
A bursting test was performed to determine the mechanical strength of the laminated layers, and the 
results are shown in Figure 12B. The test method has been developed in our laboratory.   The maximum 
delamination point of the multilayer nanofibrous membranes was measured using hydrostatic pressure. 
The results showed that PAN nanofibers have a better adhesion to the supporting layer and a better bursting 
strength compared to PVDF. The adhesion between the layers is related to the material surface chemistry 
and its influence on adhesion, together with the properties of adhesive materials and interactions at the 
adhesive-substrate surface interface. Materials that can wet each other tend to have a better adhesion, and 
the wettability of the material is related to its surface energy. For instance, low surface energy materials 
such as poly(tetrafluoroethylene), ceramics, and silicon, are resistant to wetting and adhesive bonding 
[52]. Lee et al. [53] found that the surface energy of PAN is around 44 mJ/m2, while this value was 
calculated as 54.1 mJ/m2 by Pritykin et al. [54]. On the other hand, PVDF has a very low surface energy 
value of around 26 mJ/m2 [55]. Due to the lower surface energy of PVDF compared to PAN, the adhesion 
between the layers is weaker, which results in low lamination strength. The results show that laminating 
pressure plays an important role in the bursting strength. By increasing the laminating pressure under heat, 
the melted adhesive fills the pores of the nanofibers and nonwovens and penetrates through the layers. A 







achieved due to the entanglement of the adhesive web and the layers. The results showed that the bursting 
strength of a material can be improved by adjusting the lamination conditions. 
1.1. Evaluation of Liquid Filtration by Cross-Flow Filtration 
Taking their practical applications into consideration, laminated multilayer nanofibrous membranes 
were used to further investigate their water permeability performance due to their hydrophilic,  porous,  
small pore size and predominant mechanical properties for liquid filtration.  A cross-flow filtration unit 
was prepared in our laboratory. Using Equation (5), the water permeability of the PAN and PVDF 
multilayer nanofibrous membranes was calculated (Figures 13 and 14). 
 
 











A decrease in permeability was observed for both the PAN and PVDF multilayer nanofibrous membranes 
depending on the operation time as shown in Figures 13 and 14. There are a few possible reasons for the decrease 
in permeability during liquid filtration. The first reason is concentration polarization, which is a consequence of 
the selectivity of the membrane. When the liquid passes through the membrane, the solute is retained by the 
membrane surface with a relatively high concentration. Moreover, the hydrophilicity of the membrane decreases 
over time during filtration due to membrane fouling and concentration polarization. Since tap water is not pure, 
dissolved molecules, suspended solids, and organics may be contained in the water, which can cause a decrease 
in the water flux due to fouling. The second reason is that close to the membrane surface, the effective 
transmembrane pressure (TMP) driving force reduces due to an osmotic pressure difference between the filtrate 
and the feed solution. TPM is generally observed in the case of ultra-filtration (UF) membranes. Another reason 
may be related to the compression/collapse of membrane pores, thereby causing a reduction in water 
permeability. The operating conditions (feed pressure, temperature, pH, flow rate, etc.) are also effective factors in 
membrane permeability. In general, the flux decline is caused by a decreased driving force and/or an increased 
resistance of the membrane, raw water characteristics, and particulate matter levels [56–58]. 
At the beginning, all the PAN membranes had the highest permeability (Figure 13). After a 4-h filtration 
test, the flux declined to 824, 909, and 375 Lm−2h−1bar−1 in the case of PAN50, PAN75,  and PAN100, 
respectively. The results indicated that laminating pressure has a huge impact on the water permeability of the 
multilayer membranes. The laminating pressure and the permeability of the membranes showed a non-linear 
relationship in the case of the PAN membranes. PAN50 and PAN75 multilayer nanofibrous membranes showed 
the best water permeability. On the other hand, all the PVDF membranes showed very low initial permeability 
at the beginning due to the hydrophobic nature of the PVDF nanofibers, and the melted adhesive web partially 
occupied the membrane 
pores, increasing the hydraulic resistance to filtration (Figure 14). The results of 4 h of filtration of PVDF 
membranes showed that the highest permeability (1444 Lm−2h−1bar−1) was only achieved  at the lowest 
laminating pressure (50 kN). PVDF75 and PVDF100 had almost the same permeability value (650 and 681 
Lm−2h−1bar−1, respectively) after the 4-h filtration test. Li et al. [59] reported a simple strategy to improve the 
waterproof/breathable performance and mechanical properties of electrospun PVDF fibrous membranes using 
a thermo-pressing system. It was found that the effect of temperature and pressure on PVDF has a synergistic 
effect on the fiber morphology and crystal structure. By properly adjusting the temperature and pressure, robust 
mechanical properties and excellent waterproof/breathable performance of PVDF membranes were achieved. 
In terms of water permeability, PAN75 has the best results from the PAN membranes. PVDF50 showed the 
best permeability results after the 4-h filtration test from all the PAN and PVDF membranes. The results showed 
that after proper lamination multilayer nanofibrous membranes are suitable for future application in liquid 
filtration. 
1. Conclusions 
There is a huge demand for the filtration application of nanofiber layers due to their specific surface, low 
pore size and high porosity. In this study, the effect of laminating pressure on PAN and PVDF multilayer 
nanofibrous membranes was investigated to prepare suitable microfilters for liquid filtration. The surface 
morphology, average pore size, air permeability, water permeability, bursting strength, and the contact angle of 
the membranes were compared. Different performance levels were achieved by varying the laminating pressure 
of the multilayer nanofibrous membranes. The pressure effect had a considerable influence on air permeability, 
average pore size, contact angle, bursting strength, and water permeability. The surface morphology results 
showed that the fiber diameter slightly increased with an increase in laminating pressure, while the water and 
ethylene glycol contact angles decreased.  The main effect of laminating pressure was observed on the average 







best water filtration of all the membranes. However, the bursting strength of PVDF50 is the lowest, which 
may cause possible damage and delamination of the layers under pressure over time. PAN nanofibers have 
a better adhesion to the surface of the multilayer. PAN75 was selected as the best candidate for liquid 
filtration due to its high water permeability and mechanical strength. PVDF multilayer nanofibrous 
membranes showed better air permeability than PAN, which may be better for the possible application of 
air filtration. These findings imply that to achieve the best permeable membrane results, the lamination 
process should be carefully optimized. 
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Novel  electrospun  polyacrylonitrile  (PAN)  nanofibrous  mem-  dust  filter  results  indicated  that  electrospun  PAN  nanofibrous  
branes  were  prepared  by  using  heat-press  lamination  under  membranes  showed  very  high  air-dust  filtration  efficiency  of  
various conditions. The air permeability and the burst-pressure  more  than  99.99 %  in  between PM0.3  and  PM2.5,  whereas  cross-  
tests were run to select the membranes  for point-of-use air and  flow  filtration  test  showed  very  high  water  permeability  over  
water  cleaning.  Membrane  characterization  was  performed  by  600 L/(m2hbar) after 6 h of operation. Combining their excellent  
using scanning electron microscopy, contact angle, and average  efficiency  and  water   permeability,   these   membranes   offer   an 
pore size measurements. Selected membranes were used for ideal solution to filter both air and water pollutants. 
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Water and air pollution are increasing  concern  all  over  the  world as a 
risk of human health.
[1–3]
 Air pollution can cause asthma, skin irritation, 
nausea, cancer, brain damage, birth defects, respiratory and heart 
problems due to  gaseous  pollutants and particulate matter (PM).
[4–8]
 
Based on inhalable particle size, PM is classified into coarse (2.5–10 
μm), fine (0.1– 
2.5 μm) and ultrafine (< 0.1 μm).
[9]
 Exposure to elevated PM levels 
over the long term can reduce life expectancy by a few years while 
short-term exposure contributes to acute cardiovas- cular morbidity 
and mortality.
[8]
 Under this condition, an efficient air filter is demanded 
to capture of air pollutants in different sizes. Textile based high-
efficiency particulate air (HEPA) and ultra-low particulate air (ULPA) 
filters can capture very small PM with a filtration efficiency over than 
99.90 %.
[9]
 Fibrous materials that have fiber diameter about a few 
micro- meters with porosity around 80–90 % can easily remove sub- 
micrometer and micrometer particles from air and water with a high 
efficiency. Beside the air pollution, water pollution is another issue that 
needs an emergency solution for the current and future life. The 
availability of freshwater resources has been reduced due to a growing 
population. As a result of population growth, the amount of water 
consumption and the number of manufacturing and industrial 
production have been increased. 
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The industries, such as chemical, paper, beverage, automotive, food, 
agriculture, power generation, textiles, and garments consume tons of 
water daily. By 2030, it is expected that the demand for water supply will 
exceed about 40 % of current supply.
[10]
 Before reuse or releasing the used 
water directly to nature, it is necessary to clean the water from 
contaminations. Membrane technology is one of the effective and 
successful methods to compete with conventional separation  process  for 
the treatment of wastewater due to their low cost, energy- efficiency, 
compactness, high permeability, and high selectivity and easy-to-operate 
properties. In principle, the membrane acts  as a semi-permeable barrier 
that separates two distinct phases usually under a driving force. For an 
effective  separation  and  high throughput, the  membrane  should  have  a  
proper  pore  size with a highly porous structure. 
Nanofibrous webs have a large surface area to volume, high porosity, 
tight pore size and high permeability that make them   an appropriate 
candidate for filtration applications. Therefore, nanofibers have received 
increased attention in water and air domain applications. The first 
commercialized application of electrospun nanofibers was in air filters.
[11]
 
Despite the high permeability and tight pore size, the application of 
nanofiber  webs in the water domain area is  limited.  The  main  reason  is 
the mechanical weakness of single layer nanofiber web. In the application 
of membranes, the nanofiber webs require addi-  tional supporting layer or 
additives to provide strength. Several methods have been  reported  to  










 were suggested as solutions for the improvement  of  the  
strength. However, these methods require time and chemicals which is 
costly. Recently, Wirth et al.
[17]
 reported ultrasonic welding of 
polyacrylonitrile (PAN) nanofiber mats without destruction of the mat 
morphology. Various welding patterns were used and their effects on 
adhesion forces between both joined nanofiber mats and different failure 
mechanisms have  been investigated. The results indicated that some 
welding patterns enabled bonding stronger than the mats themselves. 
 
 































































However, this method still needs to optimize based on 
materials and the pattern of welding equipment. Other 
attempts to prevent damage of nanofiber webs have been 
done as nanofiber-coated yarn.
[18–21]
 A macroscopic size random 
yarn has been used as core and nanofiber layer was covered 
around. To form a textile structure, it is necessary to use knitting 
or weaving technology. An external yarn is necessary to cover 
for the protection of the open surface of the nanofiber layer 
before knitting or weaving which makes the process costly. In 
the various study, the nanofibers webs are combined to a 
support either like layer to layer or sandwiched structure 




  and Yalcinkaya  et 
al.
[24,33]
 used a bi-component polyethylene (PE) /polypropy- 
lene (PP) spun bond as a supporting layer for nanofiber layers. 
Heat-press technique was applied using a fusing machine for 
the lamination process. The polyvinylidene fluoride (PVDF) and 
polyamide-6 (PA-6) nanofiber layers were adhered on the outer 
surface of the bi-component due to the low melting point of 
PE. The resultant multilayer nanofibrous membranes were used 
for water distillation and desalination. In the previous work,
[26,30]
 
the PVDF nanofibrous membranes have been prepared using 
heat-press technique under various conditions. Results indi- 
cated that PVDF nanofibers are suitable as water and air filters. 
In this work, polyacrylonitrile (PAN) nanofiber web was 
prepared using needle-free wire electrospinning industrial 
production method. PAN is easy to electrospun into nanofiber 
and has thermal stability, tolerance to most solvents, and 
commercial availability.[34,35] The mechanical strength of the 
prepared electrospun web was improved by lamination with a 
supporting layer and adhesive web. The lamination conditions, 
such as temperature, duration of heat-press and force of the 
press have been investigated. The air permeability and burst 
pressure tests were run to determine membranes for air and 
water filtration test. The ultimate goal of this work is to 
introduce electrospun PAN nanofibrous membranes that pre- 
pared by industrial production method as air and water filter. 
So far, there has been no deep work reported for the lamination 
of PAN nanofibers using heat press under various lamination 
condition and then apply for both air and water filtration. 
1. Results and Discussion 
1.1. Selection of the Membranes 
 
PAN nanofiber layer was laminated  under  various  conditions  
and 18 types of membranes were prepared. The selection of the 
filter membranes has been done based on their air permeability 
and bursting pressure as shown in Figure 1. Figure 1 is divided  
into 6 pieces according to the temperature and duration of 
lamination. In each piece, there are  three  values  which  show  
the lamination force in the order of 40, 50, and 100 kN, 
respectively. Membranes were selected according to  high  
bursting pressure and the air permeability. Hence, there is no 
previous work dealing with optimum air permeability and the 
bursting pressure of membranes, we decided to select the 
membranes which had higher air permeability and bursting 
 
 
Figure 1. Effect of lamination conditions on air permeability and the 









permeability and 195 kN bursting pressure. The selective 
membranes were marked with a green square. 
Based on the Figure 1, (a) the air permeability of the 
membranes decreased with increased temperature, applied 
lamination force, and lamination duration, (b) since, bursting 
pressure depends on both adhesion properties of the hybrid 
materials and the conditions of lamination, it is  difficult  to  
explain the relationship between bursting pressure and the 
lamination condition. 
It is possible to say that, lamination force had an effect on 
bursting pressure, such as when the applied pressure increased 
the bursting pressure was increased. However, under high heat 
(130 °C) and long lamination period (5 min), the adhesive  web and 
nanofiber layer lost its strength and resulted in  low  resistance to 
delamination. Results also suggested that the air permeability of 
the membrane was in direct proportion to the applied force of the 
lamination process. Higher applied force means, melted adhesive 
can penetrate through the pores of the nanofiber layer and reduce 
the porosity of the membrane. The melted adhesive covered the  
surface of  the nanofiber  layer. As a result, a non-fibrous, film 
structure can form on the surface as shown in Figure 2. The region 
of film adhesive on the surface of the membrane blocked the 
pores. Even though these regions 
 
 
































































are not demanded, these regions provide better adhesion 
between the support and nanofiber layer. To prepare an 
optimal material, it should be considered both permeability and 
the bursting resistance of the membranes. 
The air permeability is an important criterion for the 
membrane permittivity, especially for the air filters. On the other 
hand, bursting pressure shows the necessary minimum pressure to 
destroy or to separate nanofiber layer from the supporting 
materials. In this case, selection high air permeability and the 
bursting pressure are demanded. Based on the results in Figure 1, 
only 5 membranes showed higher air permeability and at the same 
time higher bursting pressure. These membranes are; 
PAN_110_50_3, PAN_110_50_5, PAN_110_ 100_5, 
PAN_120_100_3, PAN_130_50_3, PAN_130_40_5. 
 
 
1.1. Surface Characterization 
 
The SEM images of the samples are taken and shown as in 
Figure 3. Comparing the diameter of the fiber, SEM images 
showed that after the lamination process, the fiber diameter 
increased almost 75 % more due to the structural change of 
PAN under heat and pressure. Unlike the literature finding,[36] 
hot press process affected the fiber diameter of PAN nanofibers. 
Sabantina et al.
[37]
 observed that the diameter of the PAN 
nanofiber on the polypropylene substrate increased while the 
PAN nanofiber diameter stayed constant on aluminum foil after 
stabilization under 280 °C. 
Under the force and applied temperature of the lamination, 
the fibers were getting flattened. Increasing applied temper-  
ature and the force caused fusion and bending. As a result, fiber 
diameter increased. Figure 3 (g) was taken to observe the fiber 
diameter under the highest force (100 kN), temperature (130 °C) 
and duration (5 min) of the lamination. Apparently, PAN_130_ 
100_5 had the highest fiber diameter among the others. In the 
literature, it was found that applying heat treatment  increased 
the fusion at interfiber contact points which increased the 
mechanical strength of the electrospun membranes.[38,39] The 
mechanical strength of the PAN nanofiber increased 760 times 
after hot-press process.[36] However, excessive lamination tem- 
perature, force, and duration may cause  low  mechanical  
strength and deterioration of the mechanical property. 
Water contact angle of the membranes was measured and 
shown in Figure 4. The contact angle results indicate that 
membranes are hydrophobic which is not an advantage for liquid 
separation. Membranes which has a water contact angle greater 
than or equal to 90° is counted as hydrophobic membranes.[22] It 
was found that the hydrophobic PVDF became hydrophilic after 
the lamination process.[30] Unlike the PVDF membranes, the 
lamination conditions at given range did not change the 
wettability of the membranes. The previous work showed that 
neat PAN nanofiber has  a  contact  angle  around  70° under the 
lamination condition at a temperature of 135 °C and 50 kN 
pressure for 3 min.[40] That might be the melted effect of adhesive 
web and the changing of the PAN structure under  high 
temperature. In general, it is known that hydrophobic membranes 
tend to foul easier than hydrophilic ones. For this 
 
 
Figure 3. SEM images of a) PAN_110_50_3, b) PAN_110_50_5, c) PAN_110_ 
100_5, d) PAN_120_100_3, e) PAN_130_50_3, f) PAN_130_40_5, g) PAN_ 
130_100_5, and h) PAN nanofiber before lamination process. 
 
 







































































reason, a surface modification is required for the increase of the 
electrospun PAN membrane wettability. Previous works showed 
that the hydrophilic surface modification of electrospun PAN 
membrane with plasma treatment was not long lasting while 
additional chemical modification provided permeant wettabil- 
ity.[40,41] 
Membrane pore size is an important criterion for the 
selectivity and the permeability of  the  membrane.  Pore  size,  
size distribution, and porosity are parameters that directly 
influence the air permeability of the nanofiber web. Fiber 
diameter plays a major role in the pore size of the nanofiber 
layers.
[42–44]
 The average pore size according to the  fiber  
diameter of the membranes is shown in Figure 5. The pore size 
and the fiber diameter of the membranes showed almost the 
same behavior. Pore size increased with fiber diameter. Li et al. 
showed that the pore size and pore size distribution of the 
polylactic acid (PLA) nanofiber membranes directly related  to 
fiber diameter and area weight of the membrane.
[45]
 Herein, the 
area weight of the membranes was kept the same while fiber 
diameter slightly changed depends on  the  lamination  con-  
dition. In that case, it can be assumed that only fiber diameter  
and the lamination conditions are strongly associated with the 
pore size of the membranes. The adhesive during lamination 
process is melting and can fill pores of the membranes which 
might cause a reduction in pore size and porosity of the 
membranes. A proper lamination condition has to be deter-  
mined without losing the performance of the membranes. 
 
 
1.1. Filtration Results 
 
Air filtration test was run and the removal of the particles in 
between PM0.1 and PM2.5 has been measured. Non-slip flow is 
the dominant mechanism for the high-efficiency particulate air 
(HEPA) and ultra-low particulate air (ULPA) filters. The problem 
of commercial HEPA and ULPA filters are that they can clog 
very easily due to the limited specific surface area.[9,46] Since the 
fiber size of the nanofibers is small in the nm range, the slip- 
flow mechanism becomes more important to disturb the 
airflow.
[47]
 As a result, the dust particles are collected to the 
surface not inside of the nanofiber layer  which  could  improve 
the cleaning of the membranes. 
The efficiency of the particle removal of the nanofibrous 
membranes is given in Figure 6. In all experiments, the  super- 
ficial air velocity was 5 cm/s with a filter area 100 cm2. 
 
Figure 6. Filtration efficiency of the membranes against to various particle 
sizes and the schematic diagram of the filtration unit: a) dust particles, b) 




Air filtration results indicated that all the membranes have 
superior filtration efficiency over than 99.97 % at various particle 
sizes. Among all membranes, PAN_130_40_5 showed  highest  
filter efficiency (> 99.999 %) for the PM0.1. 
Zhao et al.
[48]
 prepared PAN nanofibers in various fiber 
diameters using lithium chloride salt (LiCl) at various concen- 
trations. The air transmission resistance of the PAN membranes 
was measured to verify slip flow of air  molecules  from  the 
surface of the nanofibers. The slip-effect could be controlled by 
the fiber diameter at standard atmospheric  condition.  They 
found that the slip-effect was gradually weakening with the 
reduction of fiber diameter. Their results indicated that PAN 
fibrous membranes  with  the  optimized  parameters  showed 
very high PM2.5 purification efficiency of 99.09 %, low air 
resistance of 29.5 Pa, and long service  life.  In  this  work,  since 
the fiber diameter of the membranes are almost equal after the 
lamination process, the lamination condition was the only 
effective parameter on the permeability of the membranes. To 
characterize the filter performance, quality factor (QF) was 
calculated. The QF of the membranes was calculated  using the  
Eq. 1:[48,49] 
QF = ln(1-n)/ΔP (1) 
where P is the pressure drop, and n is the filtration efficiency.   
The quality factor has been calculated for the PM0.1. The QF of 
PAN membranes are given in Figure 7. QF is directly  propor-  
tional to filtration efficiency  while  was  negatively  proportional  
to the pressure drop. The higher the QF means the better  the 
filter performance. Herein, both PAN 110_50_3 and PAN_130_ 







































































PAN 130_40_5 showed not only the better dust filtration 
efficiency, but also QF compared to other PAN membranes. 
The results indicated that PAN nanofibrous membranes had 
high particle separation efficiency for coarse and fine particles. 
However, the air permeability of the PAN membranes was 
extremely low (lower than 6 Lm-2 s-1) which increase the pressure 
drop and low energy saving for long-term use. In general, 
nanofiber webs itself have a very low-pressure drop.  After the 
lamination process, most probably the melted adhesive web filled 
to pores of  nanofiber  web  and  decreased the porosity of the 
membranes. As a result, the air permeability decreased. However, 
PAN membranes can be potentially employed as HEPA filter with 
high efficiency in clean air applications such as in airplanes, 
hospitals, and clean rooms. 
The water permeability test was run using tap  water. The tap 
water is not pure; it contains several minerals, inorganics, 
hormones, fluorine compounds, etc. that can cause membrane 
fouling. The water permeability test was run to proof  whether the 
membranes were suitable for water treatment or not. The results 
are given in Figure 8. The results indicated that the 
 
Figure 8. Water permeability of the various PAN nanofibrous membranes 
during 6 h. 
permeability of the membranes was over than 4000 L/(m
2
 hbar). 
However, the permeability reduced gradually through the 
membrane in time due to several possible reasons such as 
concentration polarization and  membrane  fouling.
[26,50,51]
  After  
3 h of operation, the membrane permeability reached to steady-
state. Among the all membranes, PAN_110_50_3, PAN_ 110_50_5 
and PAN_120_100_3 showed the  highest  permeabil- ity (> 1200 
L/(m
2
 h bar)) after 6 h of operation. On the other hand, 
membranes that laminated at the  highest  temperature (130 °C) 
showed the lowest permeability which is almost half of other 
membranes (> 600 L/(m2 h bar)). The results indicated lamination 
temperature had an influence on the water perme- ability of PAN 
nanofibrous membranes.  It  was  found  that  heated PAN 
nanofibers over their glass temperature, the segmental mobility of 
the molecular chains and dipole-dipole interaction of the nitrile 
groups increased. The nitrile groups started to release from their 
bound state. As a result, crystallization of the fiber improved.
[52–54]
 
Herein, the temper- ature most probably affects the crystalline 
structure  and  pore size (Figure 5) of the PAN membranes which 
may reduce the  water permeability. It was found that water 
absorption rate decreased with an increased crystallinity of the 
polymer.[55–57] 
It can be generalized that PAN nanofibrous membranes that 
laminated using heat-press showed extremely  high  permeabil-  
ity compared to that  literature[58,59]  which  showed  less  than  
400 L/(m2 hbar) for pure water permeation. 
Hwang et al.[60] compared three types of commercial 
membranes for crossflow microfiltration. The membranes were 
MF-Millipore® (made of mixed cellulose esters),  Durapore®  
(made of modified polyvinylidene difluoride)  and  Isopore®  
(made of bisphenol polycarbonate) membrane with the same 
mean pore size of 0.1 μm. The results indicated that Isopore 





compared to MF-Millipore ( ≈ 4× 105 L/(m2s)) and Durapore ( 
≈ 2×10  L/(m s)) membranes after 3000 second of  operation  
time. The flux rates of the membranes in  this  work  were  




 s) (PAN_110_100_5) and  2×  
105 L/(m2 s) (PAN_130_50_3) after 3600 seconds of operation 
time. The filtration test results indicated that  PAN  membranes 
are comparable with the commercial membranes without any 
post-treatment. 
The results indicate, PAN nanofibrous membranes that 
laminated under various condition showed enormous water 
permeability. Electrospun PAN nanofibrous membrane seems a 
good candidate for the treatment of wastewater. Comparable 
results were obtained in the literature using PVDF nanofibrous 
membranes.[30] The PVDF nanofibrous membranes that were 
laminated under different condition using the same heat-press 
system showed very high water permeability. It can be concluded 
that the heat-press lamination system is suitable for the 
preparation of nanofibrous membranes for water treatment. 
 
1. Conclusions 
PAN nanofibers were laminated under various conditions and 































































laminated membranes are suitable for end use or not. The air 
permeability and the burst pressure tests determined  the 
selective membranes according  to  their  permeable  structure 
and resistance to delamination. Selected  membranes  used  for  
air and water filtration. The air filtration results showed the 
membranes had very high  filtration  efficiency  (≥ 99.97)  for 
PM0.1. However, the membranes showed very low air perme- 
ability due to adhesion method. The adhesive between the 
membrane and support melted and reduced the porosity of the 
membrane. The low air permeable membranes require more 
energy and which is costly. The air permeability problem can be 
overcome using different  lamination  technique.  Conversely,  
PAN  membranes  showed  very  high  water  permeability  (>   
600 L/(m
2
 h bar)) after 6 h of operation. Results indicate that 
electrospun PAN nanofibrous membranes laminated by heat- 
press are more suitable for water domain application compared  
to air filtration. Hence, the aim of this work is the investigation    
of the lamination process and effect on air and water filtration, 
the self-cleaning property and the surface modification of PAN 
membranes will be studied as future work. 
 
Experimental Section 
Preparation of Membranes 
8% wt. of PAN (150 kDa H-polymer, Elmarco, Liberec, Czech 
Republic) was prepared in N, N-dimethylacetamide (DMAc) and 
mixed over the night. The solvent was purchased from Penta s.r.o. 
(Prague, Czech Republic). The prepared solution was electrospun 
using needle-free electrospinning equipment (Nanospider NS 
8S1600U, Elmarco, Liberec, Czech Republic). The spinning con- 
ditions were determined as; + 55kV/-15 kV voltage with a distance 
between the electrodes was 188 mm. The humidity and the 
temperature were set as unchanged by using an air controlling unit 
as 20 % RH and 23 °C. A backing paper was used as collecting 
material for the nanofiber with a speed of 15 mm/min. The final 
 









PAN 110 40 3 PAN_110_40_3 
  50  PAN_110_50_3 
  100  PAN_110_100_3 
  40 5 PAN_110_40_5 
  50  PAN_110_50_5 
  100  PAN_110_100_5 
 120 40 3 PAN_120_40_3 
  50  PAN_120_50_3 
  100  PAN_120_100_3 
  40 5 PAN_120_40_5 
  50  PAN_120_50_5 
  100  PAN_120_100_5 
 130 40 3 PAN_130_40_3 
  50  PAN_130_50_3 
  100  PAN_130_100_3 
  40 5 PAN_130_40_5 
  50  PAN_130_50_5 
  100  PAN_130_100_5 
 
 
done. The pore size of the samples was measured according to 
capillary flow porosimetry theory using a custom-made device in 
our laboratory. 
Burst-pressure of the nanofiber layer from the supporting layer was 
measured by the device built in our laboratory.[26] Using burst- 




The air permeability of all multilayer nanofibrous membranes was 
tested using an SDL  ATLAS  Air  Permeability  Tester  (@200 Pa  and  
20 cm2, South Carolina, US). At least three  measurements  were  
taken for each sample. 
For air filtration, the particle filtration test for the selected 
membranes done was by MPF 1000 HEPA filtration device (PALAS 
density   of   the   nanofiber   web   was   3 g/m2.   The   details   of   the 
electrospinning system and the spinning conditions were given in 
GmbH, Karlsruhe, Germany) in between PM0.1 and PM2.5. 
somewhere else.[26] 
Prepared nanofiber webs were undergone  to a  lamination process  
to combine nanofibers onto a suitable substrate for filtration 
application. A co-polyamide adhesive web (Protechnic, Cernay,  
France) was used between  100 g/m2  polyethylene  terephthalate 
spun bond nonwoven supporting layer (Mogul Co. Ltd., Gaziantep, 
Turkey) and the PAN nanofiber to adhere layers. For this aim, heat- 
press (hot-press) equipment is used (Pracovni Stroje, Teplice, Czech 
Republic). Lamination condition was optimized by  changing  of  
applied heat, force and the duration of lamination time.  Table 1  
shows the lamination condition and the  abbreviation  of  each  
sample. 18 samples were prepared and tested. The abbreviation of 
the samples was given according to the name of nanofiber_ 
lamination temperature_lamination force_duration of lamination. 
 
Characterization of the Membranes 
Scanning electron microscope (SEM,  Vega  3SB,  Brno,  Czech 
Republic) and Krüss Drop Shape Analyzer DS4 (Krüss  GmbH,  
Hamburg, Germany) were used to determine  both  surface  shape  
and contact angle of the samples. At least  50  measurements  for  
fiber diameter and 5 measurements for the contact angle were 
A cross-flow filtration unit was built in our laboratory for the water 
filtration test as shown in Figure 9. The flux (F) and the permeability 
 
 
Figure 9. A cross-flow unit: A) membrane cells, B) permeate, C) feed, D)  
































































(k) of the selected membranes were calculated according to Eq. (2) 
and (3): 
F = (1/A) (dV/dt) (2) 
k =(F/p) (3) 
where A is the  effective membrane area (m2), V is the total volume   
of the permeate (L), p is the transmembrane pressure (bar), and t is 
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4.3. Surface Modification and Application of Nanofiber Membranes in Water 
Treatment 
The application of nanofibers in membrane technology is quite problematic due to various technical 
obstacles mentioned in “Chapter 1-Main problems”. During our research, we tried to focus on 
introducing nanofiber webs into liquid separation applications and tried to solve problems one by one 
in the frame of our limits and efforts. Besides the preparation of nanofiber membranes, we focused on 
the possible applications. Moreover, to improve nanofiber permeability, selectivity, rejection, and 
fouling resistance property, surface modification has been introduced to nanofiber membranes. In the 
following reprints, we represent results for the how-to modify nanofiber membrane surfaces, 
application of nanofiber layers for the separation of oily wastewater from a different source, 
application of nanofiber membrane as thin film support layer for the separation of seawater and chiral 
component. The main results of the reprints include; 
Application of polyamide nanofiber membrane (prepared by different adhesion method) for the 
separation of pitch and tar oils, engine oil/water mixture, and kitchen oil/water mixture: Based on the 
results, it can be suggested that polyamide nanofiber membrane is suitable for the separation of 
wastewater from industry and engine oil/water mixture but not for the kitchen oil (first reprint) 
Surface modified nanofiber membranes for separation of kitchen oil: Two different approaches are 
followed. In the first, the membrane surface is activated by plasma, and then chemical modification is 
followed. In the second approach, nanoparticles (NPs) have been incorporated on the nanofiber 
surface. In both cases, the membrane showed too high flux and selectivity for the water in the 
oil/water mixture. Incorporation of NPs improved membrane fouling resistance. In all research, the 
mixture of oil/water prepared half to half and in emulsion form, which caused membranes to foul 
easily. However, modified nanofiber membranes showed outstanding performance with fouling 
resistance properties promising for the domestic wastewater separation process (reprints 2-5). 
Thin film composite nanofiltration membranes (TFCN) based on laminated nanofibrous and 
nonwoven supporting material: Nanofiber membranes as support layer offer advantages on classical 
nonwoven material for the thin film composite (TFC) membranes. The nanofibers provide an 
increased surface area, intrinsically high porosity with an interconnected pore structure and high 
surface porosity, which increases the effective membrane area by reducing the amount of thin film 
layer masked by the support layer. In the last two reprints, the nanofiber membrane has been used as a 
supporting layer for the thin film composite nanofiltration (reprints 6-7). In the one attempt, seawater 
desalination has been done, and our membranes had high flux and ion rejection for real seawater with 
a high amount of salt ions. In the second attempt, it is the first time a unique combination of 
nonporous composite membranes with the microfibrous structures together with the chiral active 
substance used at the same time for the separation of chiral drugs. The separation has been done from 
liquid phases by pertraction that uses an adsorption-enantioselective membrane.  
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Abstract: Electrospun nanofiber hybrid membranes have superior membrane performance due to their high specific 
surface area, narrow pore size, high porosity, and uniform pore size. Recently, increasing attention has been given to 
hydrophilic membranes such as polyamide 6 (PA6) in applications microfiltration and reverse osmosis. Electrospun 
PA6 nanofiber hybrid membranes have not found any real application due to their poor mechanical strength under high 
pressure. In this study, PA6 nanofiber layer was prepared using wire electrospinning method. Three supporting material 
with different adhesion method    has been used to improve the mechanical properties of the membranes. Membranes 
were  characterized  with  Scanning Electron Microscope images, pore size, and contact angle measurements. Tensile 
strength and the delamination tests were run  to measure the mechanical properties of the membranes. Three types of 
wastewater were carried out during filtration; using  real wastewater supplied from a company which consists of pitch 
and tar oils, engine oil/water mixture and kitchen oil/water mixture. Results indicated that the adhesion method and the 
supporting layer played a big role in the permeability of the membranes. The PA6 nanofiber hybrid membranes 
exhibited high water fluxes in even at low pressures which indicate that electrospun nanofiber membranes might be 
highly promising for microfiltration applications. 




Membrane technology as an easy, efficient, versatile, 
chemical-free and low-cost method has been extensively  
used in many separation processes, such as water purification, 
desalination, distillation, and oily wastewater treatment. 
Despite these advantages of the membranes, the widespread 
application of the membranes for oily wastewater remains 
limited due to membrane fouling. The surfactant adsorption 
and/or pore sealing by oil droplets cause a severe decline of 
the flux and rejection rate. Several attempts have been done 
to improve the flux and rejection rate of the membranes. For 
instance, the mixing of inorganic nanoparticles has been 
found to be helpful for membrane permeability and fouling 
resistance by increasing the hydrophilicity or changing the 
pore structure of the membranes [1-6]. Genne et al. found 
that membrane permeability increased for growing amounts 
of inorganic zirconium oxide (ZrO2) grains added to the 
casting solution which resulted in the formation of a highly 
porous surface layer [7]. Yan et al. prepared organic- 
inorganic composite membranes that were formed by nano- 
sized alumina particles in the poly(vinylidene fluoride) 
solution. The additional nano-sized Al2O3 particles improved 
the surface hydrophilicity of the membrane which increased 
the flux and antifouling performance of the membrane [2]. 
Ebert et al. investigated the influence of titanium dioxide 
(TiO2) in poly (vinylidene fluoride) (PVDF) and polyamide- 
 
*Corresponding author: fatma.yalcinkaya@tul.cz 
imide (PAI) membranes. The membranes with the TiO2 
support showed significantly better permeate quality even at 
high-temperature range [5]. 
The demand for high performance and the efficient 
membrane has led to increasing attention in advanced 
functional nanofiber materials. Electrospun nanofiber hybrid 
membranes have superior membrane performance due to 
their high specific surface area, narrow pore size, high 
porosity, and uniform pore size while maintaining a very 
good permeation flux. These advantages can directly contribute 
to both high permeation flux and solute rejection ratio for 
microfiltration (MF) applications [8,9]. Moreover, the 
production cost of nanofiber hybrid membranes is estimated 
almost half compared to commercial membranes [10]. 
In this study, we demonstrate a novel microfiltration 
polyamide 6 (PA6) nanofibrous hybrid membrane, having an 
average fiber diameter of about 90 nm, laminated on various 
support with the various adhesive method. The aim of the 
lamination process is to enhance the mechanical strength of 
the membranes which can withstand external forces during 
liquid separation. The vast majority of all reported nanofibrous 
membrane research involves permeability and the selectivity 
of the membranes while there is not enough research has 
been done to improve the mechanical strength of the 
membranes. In our previous work, we focus on to improve 
the mechanical strength of the poly(vinylidene fluoride) and 
polyacrylonitrile nanofiber web [11]. Herein, PA6  nanofibers 
are used for liquid separation. The PA6 polymer has excellent 












flexibility, low creep, good resilience, and high impact 
strength (toughness). Moreover, it is very simple to produce 
PA6 nanofibers using electrospinning system. Although 
significant scientific activity has occurred with regards the 
use of polyamides as nanofibrous membranes, there is no 
previous work dealing with the improvement of mechanical 
strength of the PA6 nanofibrous hybrid membranes. The 
primary objective of this study is to prepare highly permeable 
and mechanically strong PA6 nanofibrous hybrid membrane 
prepared for the various wastewater treatments. For this aim, 
three types of feed solution were carried out for wastewater 
filtration; using real wastewater supplied from a company 
which consists of pitch and tar oils, engine oil/water mixture, 
and kitchen oil/water mixture and membrane performance 




Preparation of Electrospun Membrane 
12 % wt. of PA6 (BASF-Ultramid B24, Germany) solution 
were prepared by dissolving the polymer pellets in acetic 
acid/formic acid (2/1 % wt.) solvent mixture over the night. 
 
 
Figure 2. Schematic diagram of the lamination process. 
 
 
place between the two electrodes, the polymeric nanofiber 
web is collected on baking paper. No solution dipping was 
observed.  An  air  conditioning  unit  is  used  to  control the 
o 
relative  humidity  (31  %)  and  temperature  (22  C)  of  the 
spinning in a closed chamber. The area weight of the PA6 
nanofiber was set around 2 g/m . 
The prepared nanofiber layers adhered onto various 
surfaces to enhance their mechanical properties. 17 g/m 
polyethylene terephthalate (PET) woven web (plain weave 
All the solvents were purchased from Penta s.r.o. (Prague, 
2 
structure), 20 g/m 
2 
bicomponent spunbond and 100 g/m 
Czech Republic). The PA6 nanofiber layers were prepared 
using a lab-scale wire electrospinning system  (Figure  1).  
The principle of wire electrospinning system has been 
introduced to literature several times [11-13]. In brief, the 
solution is placed in a solution tank, which is a closed  
system and connected to a solution bath. The positively 
charged wire electrode (60 kV) passes along a metal orifice 
in the middle of the solution bath. There is a solution bath 
with a speed of 240 mm/s which is moved back and forward 
to feed the surface of the wire electrode with a polymeric 
solution. Behind a mobile supporting backing paper 
(PET) spunbond nonwoven webs were used as supporting 
material. Since it was not possible to get the same density of 
supporting layer from different suppliers, different density of 
supporting materials was used. Each supporting layer had a 
different adhesion method. For instance, 17 g/m supporting 
layer had its own adhesive on the surface while it was 
purchased. The co-polyamide dot adhesive glue was used to 
adhere 17 g/m woven web and PA6 nanofibers. The bi- 
component spunbond material was composed of polypropylene 
(inner)  and  polyethylene  (outer)  surface  which  showed an 
adhesion  role for the PA6  nanofiber  layers  under heat   and 
2 
(55 mm/min), a second wire electrode, which is connected to pressure. Since 100 g/m nonwoven did not have any 
2 
a negatively charged voltage supplier (-40 kV). The distance adhesive on the surface, a 3 g/m co-polyamide net was used 
between the electrodes is 180 mm. While the spinning takes between the nonwoven and PA6 nanofiber layer. A mini 
fusing machine (Meyer, Germany) was used for the 
lamination process as shown in Figure 2 [14]. For lamination, 
the conditions are arranged as; speed of belt was 1.7 m/min, 
the temperature was 130 
o 2 
C and the pressure was 15 N/cm  . 
The nanofiber layer was placed to the top of 
the adhesive surface which was connected 
to the supporting layer. Due to heat, pressure 
and the contact time of lamination, the 
adhesives were melted and adhered the 
nanofibers to the surface of the supporting 
layers. Abbreviations for the samples are 
given according to the density of the 
supporting material, such as PA6-17, PA6-







Figure 1. Schematic diagram of wire electrospinning unit. 
 
Characterization of the Membrane 
The surface characterizations of the membranes were done 
using a scanning electron microscope (SEM, Vega 3SB,  
Brno, Czech Republic). From each sample, at least 50 fibers 








diameter distribution was evaluated. The surface contact 
angle of the samples was measured using a Krüss Drop 
Shape Analyzer DS4 (Krüss GmbH, Hamburg, Germany),  at 
five  different  points,  using  distilled  water  (surface tension 
-1 
72.0 mN m ) on the clean and dry samples at room temperature. 
A device was built in our laboratory to determine the 
maximum, average and minimum pore sizes. The bubble 
point test allowed the size of the pores of the porous material 
to be measured. The principle of the measurement was 
explained in previous work [11]. 
 
Mechanical Properties of the Membrane 
The tensile strength of the membranes was  measured 
using the universal testing machine (Labor-Tech s.r.o., CR) 
with the extension rate of 10 mm/min at room temperature. 
The samples were 100 mm long, 25 mm wide, and the 
distance between the two clamps was 50 mm. Both machine 
direction (MD), and the other the cross direction (CD) was 
measured. Another device was built in our laboratory for the 
measurement of the maximum resistance of the nanofiber 
layers for delaminating from the supporting layer [11]. The 
samples were placed between two rings. The sample size 
was 47 mm in diameter. Pressurized water was applied to the 
membrane, and the hydrostatic pressure was measured using 
a pressure controller. The hydrostatic pressure was increased 
gradually, and as soon as the nanofiber layer delaminated,  
the pressure value on the screen decreased sharply. The 
maximum pressure value was recorded as the bursting 
strength of the membrane. At least 3 measurements were 
done for each sample. 
 
Filtration Test 
Filtration test was done using a cross-flow filtration unit 
which was developed in our laboratory. Three types of feed 
solutions were prepared and tested during filtration. In the 
first test, a wastewater was supplied from an industrial 
company which has pitch and tar oil in the feed. In the 
second and the third tests, engine and kitchen (sunflower) 
oils in water were used as feed solutions. The amount of 
engine oil and the kitchen oil in 1 liter of water was 200 ml. 
The fraction of oil in feed solution was 20 % v/v. The 
velocity of the feed solution was 20 l/min. 
The permeability (k) of the membranes was calculated 
using equation (1): 
 
[k]= F/T  (l/(m
2
hbar)) (1) 
where F is the flux of membranes in l/(m
2
h) and T is the 
transmembrane pressure in bar. 
 
Results and Discussion 
 
Characterization of the Membrane 
The SEM images of the membranes were taken after the 
lamination process to observe any possible damages (Figure 
3). Fiber diameter distribution was evaluated. The results 
indicated that there was no visible damage observed on the 
surface of the nanofibers. The diameter of the nanofiber web 
is around 90 nm after the lamination process. 
Despite no damage, it was observed that in some points 
the adhesive web was over the surface of the nanofibers and 
created blind points with zero pores as shown in Figure 4. It 
was not possible to get rid of these blind points for a proper 
lamination. From these blind points, fibers adhered to the 
substrate very strongly in a mechanical way. 
Surface wettability of the membranes was investigated by 












characteristics of polyolefin is their 
hydrophobicity. 
In the case of PA6-100, a co-polyamide net 
was used as 
2 
adhesive. The density of the web was 3 g/m  and 











Figure 4. Adhesives cover the surface of the nanofiber layer. 
 
Figure 5. The contact angle of the various PA6 nanofibrous hybrid 
membranes. 
 
The results of contact angle showed that even though the 
surface has the same polymeric nanofiber, each substrate 
showed different hydrophilicity. The main reason is due to 
adhesive glues. Since the adhesives covered the surface of 
nanofibers place to place, the material showed the charac- 
teristics of the adhesive web. For instance, the PA6-17 has 
co-polyamide dot glues which were distributed to the surface 
of the supporting material evenly. It seems that the co- 
polyamide used in PA6-17 had the hydrophilic characteristic. 
Aiba et al. found that N-methylated aromatic random co- 
polyamides of the amide linkages increased the chain mobility 
at the membrane surfaces and consequently enhanced the 
water-induced  surface  reorganization  [15].  Konagaya  et al. 
prepared  flat  asymmetric membranes of  the co-polyamides 
open structure which means, the contact area of the co- 
polyamide adhesive net with nanofibers are lower than that 
contact area of co-polyamide dots with nanofiber. Even 
though the hydrophilicity of the PA6-17 is superior compared 
to other membranes due to more adhesive glue on the 
nanofiber surface, we can expect that more pores of the 
nanofibers were filled with adhesive glue. As a result, the 
permeability of PA6-17 could be lower than other membranes. 
The information for the dot co-polyamide glue and the co- 
polyamide adhesive net has not been given by the supplier. 
There is also a possibility that both co-polyamide had 
different characteristics which would result in differences in 
wettability. Compared to contact angle results, we can say 
that the lamination method has a very huge effect on the 
hydrophilicity of the nanofibrous membranes. The hy- 
drophilicity of the membranes can be change with adhesion 
method. 
The mean pore size, tensile strength and the delamination 
strength of the membranes are given in Table 1. 
The pore size of the membranes was determined by the 
PA6 nanofiber layer on the top. Since the same nanofiber 
layer was used, any change in the mean pore size has been 
observed. On the other hand, there was a huge difference in 
the mechanical properties of the membranes. The supporting 
layers under the nanofiber webs were determined the 
mechanical properties of the membranes. Since PA6-100 has 
the highest density, the tensile strength on both MD and CD 
was the highest compared to other membranes. 
The PA6-100 showed the highest delamination resistance 
compared to other membranes. The reason could be due to 
the interaction between adhesive with  nanofiber  and 
adhesive with supporting layer. The adhesion between the 
layers was physically due to the van der Waals forces. The 
surface tension of each material plays a key role for 
intermolecular forces which determine the attraction of the 
materials. The strength of adhesion between the layers 
depends not only on the intermolecular interactions at the 
interface but also on the mechanical response of each 
material. There have been several proposed theory to explain 
the mechanism of the adhesion such as adhesion based on 
the surface properties (adsorption and wetting) [18], on 
Table 1. Mechanical properties of the PA6 nanofibrous membranes 
Mean pore Tensile strength (25 mm/N) 
Max. 
Sample delamination 
which were hydrophilic characteristics [16]. In another 
size (µm) MD CD strength (kPa) 
work, the hydrophilicity of the polyolefin membranes was 
improved by preparing polyolefin-polyamide mixture [17]. 
The membrane PA6-20 showed the highest hydrophobicity 
due to polyolefin adhesive. One of the most known 
 
 
PA6-17 0.755±0.09   20.34±10.56    16.34±4.12 55±5.73 
PA6-20 0.753±0.14   36.35±1.71 37.88±2.33 47±17.90 









chemical interactions [19], on fracture mechanics, on 
diffusion [20] or on electrostatic interaction [21,22]. The 
adsorption theory has the widest applicability while the other 
theories may be appropriate in certain circumstances. In 
literature, it is proposed that one of the most important 
factors influencing adhesive strength is the ability of the 
adhesive to spread spontaneously on the substrate when the 
joint is initially formed [23]. Herein, the adhesion strength 
between the PA6-100 layers had the highest value. 
 
Filtration Tests 
In the first test, a wastewater from the industrial company 
has been used. The exact source of the water was not given 
by the company. The feed solution included pitch and tar oil. 
The permeability of the PA6 nanofibrous hybrid membranes 
has been evaluated and shown in Figure 6. 
The permeability measurement was done during 15 hours. 
Obviously, the permeate flux rate is initially high and falls 
off rapidly with a time of filtration and flux attenuation 
becomes more and more rapid in time. There are some 
reasons for the decrease in permeability. The first reason is 
that membrane fouling. Membrane fouling is to increase the 
resistance to the flow of liquid through the membrane due to 
blocking the pores and deposition of a cake layer on the 
surface. The second reason is concentration polymerization. 
Moreover, the hydrophilicity of the membrane decreased 
over time during filtration due to membrane fouling and 
concentration polarization. After 6 hours of filtration, steady- 
state permeability has been observed for all the membranes. 
The main reason is that the cake layer reached the 
equilibrium thickness. 
After 15 h of filtration test, the PA6-100 membrane 
showed  much higher permeability than compared to  others 
2 
(over   400  l/m  hbar).   There   could  be  a  few  reasons. In 
general, hydrophilic  membranes could  improve  the membrane 
 
Figure 6. Wastewater separation: Permeability of PA6 nanofibrous 
membranes after wastewater treatment. 
permeability. However, in some cases, hydrophilicity plays a 
disadvantage for membrane permeability. The microvoids 
could be generated as defects in the hydrophilic membranes, 
which may cause negative effects on membrane permeability 
and even causes the collapse of membranes under trans- 
membrane pressure [24]. Even though the PA617 had the 
highest hydrophilicity, the membrane performance  was 
lower compared to PA6-100. Another reason could be the 
adhesive material filling the pores of the nanofibers. Since 
PA6-100 has less contact with adhesive web compared to 
PA6-17, the porosity is higher. Higher porosity results in 
higher permeability. Moreover, co-polyamide adhesive net 
was used for adhesion of PA6-100 while hydrophobic 
polyolefin surface was used for PA6-20. Since there was no 
way to get rid of adhesives from the top of the nanofiber 
layer, the hydrophobic structure of PA6-20 decreased the 
permeability and increased the membrane fouling. It was 
observed in the literature that hydrophobic membranes tend 
to foul easily due to the hydrophobic interaction between 
solutes, the membrane surface and pores [25,26]. 
The feed and the permeate solutions are given in Figure 7. 
In the second step of the filtration test, the PA6-100 
membrane was selected as an optimum membrane for engine 
oil/water separation due to high membrane permeability and 
mechanical strength. The results of permeability are given in 
Figure 8. Because of the high porosity of the PA6-100 
nanofibrous  membrane,  the  membrane  exhibited   outstanding 
performance   including   high  permeability   (around   524 l/ 
2 
(m hbar)) and selectivity. 
It was found that the engine oil separation test results were 
showing the same permeability decline as in the case of 
wastewater treatment. The membrane fouling is the main 
reason. PA6 is highly polar and has an affinity to water 
molecules which selectively allows the water molecules to 
pass through the membrane while restricting the passing for 
oil molecules. Apparently, PA6-100 is a hydrophilic/oleophobic 
membrane. The wetting behavior of the PA6-100 membrane 
 
Figure 7. Feed and permeate solution for the PA6-100 nanofibrous 











Figure 8. Engine oil/water separation: permeability of the PA6- 
100 nanofibrous membrane. 
 
Figure 9. Feed and permeate solution for the PA6-100 nanofibrous 
membrane for engine oil/water separation. 
 
allowed only water molecules to penetrate through the 
membrane and rejected oil molecules. The wetting behavior 
may be due to the small water molecules can penetration the 
polymer coating immediately while the large oil molecules 
cannot penetrate or penetrate much more slowly. There is 
another mechanism to explain the wetting behavior of the 
membranes. This mechanism proposed that the polymer 
coatings may take different conformations on top of the 
surface when faced with water and oil: more hydrophilic 
segments will be attracted with water, resulting in a 
hydrophilic property. 
The feed and the permeate solutions are given in Figure 9. 
In the third filtration test, kitchen oil/water  mixture  was 
used as feed solution. The water was colored to green with 
food colorant to better determination of selectivity. The 
permeability result of PA6-100 membrane is given in Figure 
10. 
The Figure 10 shows that unlike the wastewater or engine 
oil/water treatment, the permeability results of kitchen oil/ 
water separation is quite low. The reasons could be the size 
of different oils or the organic compounds of different oils. 
Oil droplets blocked the membrane surface by pore sealing. 
Moreover, the colorant effect should be considered. It is well 
known that PA membranes have an affinity for colorants. 
The food colorant could block the PA6 membrane pores and 
Figure 10. Kitchen oil/water separation: permeability of the PA6- 
100 nanofibrous membrane. 
 
Figure 11. Feed and permeate solution for the PA6-100 nanofibrous 
membrane for kitchen oil/water separation. 
 
cause to fouling. The feed and the permeate solutions are 
given in Figure 11. 
Oil droplets were clearly visible in the feed, whereas no 
droplets were observed in the permeate solution.  Even 
though selectivity of the PA6-100 nanofibrous membrane for 
kitchen oil/water separation was very good, the permeability 
result was not sufficient. The results showed us that for oil 
separation; only selected oils can be successfully separated 
using a PA6 nanofibrous membrane. All the membranes 
suffered from the fouling. A post surface treatment is 




In this work, a novel PA6 nanofiber hybrid  membrane 
been successfully prepared for liquid filtration. To improve 
the mechanical strength of the nanofiber layers, various 
supporting layers with different adhesion method has been 







showed that only PA6-100 membrane has the best perfor- 
mance. The permeability performance of PA6-100 membrane 
was superior in the separation of wastewater from industry 
and the oil from the engine oil/water mixture. The 
performance of PA6-100 membrane was extremely low for 
the separation of kitchen oil/water mixture. The PA6-100 
nanofiber hybrid membrane seems promising for the 
wastewater treatment and only selected oily water separation. 
But prior to industrial operation, it seemed necessary to  
adjust an antifouling property of the membrane. In summary, 
this work could assist in obtaining a better understanding of 
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Surface modification of electrospun nanofibrous 
membranes for oily wastewater separation 
Fatma Yalcinkaya,   *a Anna Siekierkab and Marek Bryjakb 
 
This paper presents a method for producing nanofibrous composite membranes for the 
separation of a vegetable oil–water mixture. Neat polyvinylidene fluoride (PVDF), 
polyacrylonitrile (PAN) nanofibres and PVDF/PAN mixtures were used to prepare the  
membranes.  Argon plasma treatment, followed by a chemical surface modification, was 
applied to alter the hydrophilicity and oleophobicity of the membranes. The obtained results 
showed that the membranes change their surface character (hydrophilicity and oleophilicity) 
in relation to the mixing ratio of the PVDF/PAN nanofibres and the surface modification 
parameters. These results can extend the application of PVDF, PAN and PVDF/PAN 
nanofibrous membranes to the treatment of oily water. 
 
1. Introduction 
Oil–water emulsions emitted into the soil or water from 
domestic and industrial wastewater are one of the most severe 
issues that threaten human life and ecological systems, with 
a significant amount of oily wastewater generated every day. 
Thus, there is a growing demand to produce an oil–water 
separation system that has high selectivity, high efficiency, 
low fouling properties and is easy to apply and manage. 
Microfiltration membranes are applied for oil–water sepa- 
ration treatment, along with other methods, such as bioreme- 
diation and chemical methods.1–3 The production of 
high- performance membranes with anti-fouling 
properties still remains challenging. Surface absorption, 
surface grafting and blending are some of the methods used 
for the surface modi- 
fication of membranes4–10 to improve their anti-fouling prop- 
erties. A hydrophilic membrane surface helps to reduce bio- 
fouling and protein adhesion in microfiltration. Blending 
materials is considered the simplest and most inexpensive 
approach for surface modification. Recently, the plasma 
modification method has attracted interest due to its extremely 
short modification time and non-destructive action. However, 
the modification is usually not permanent on most polymer 
surfaces, often disappearing within hours or days of treat- 
ment.11–13 To counteract this phenomenon, a post-
treatment method should be applied to provide a 
permanent surface modification. 
Polyvinylidene fluoride (PVDF) is one of the most 
frequently used polymers in membrane technology due to its 
outstanding chemical, thermal and oxidation resistance 
properties,14–16 while polyacrylonitrile (PAN) is a 
common polymer that is characterised by its thermal 
stability, toler- ance to most solvents, strong 
antioxidant capacity and commercial availability.17,18 
PVDF has better mechanical properties than PAN.19 PAN is 
a hydrophilic polymer, whereas PVDF is a hydrophobic 
polymer. The versatility  of  both polymers thus makes 
them suitable for manufacturing membranes for 
liquid/liquid and liquid/solid separations. 
The objective of this paper is to evaluate the properties of 
modified nanofibrous composite membranes obtained from 
PVDF, PAN and PVDF/PAN mixtures. Mixing the polymers 
should increase the hydrophilicity of the nanofibre web while 
also increasing the strength of the web by binding its fibres 
together. However, the main disadvantage regarding the use of 
nanofibres in filtration is their lack of mechanical integrity. 
Two of the novelties of this paper are that the nanofibre layers 
were produced with the Nanospider industrial equipment,20 
and that the layers strongly adhered to a nonwoven supporting 
layer without any damage, using hot-press lamination tech- 
nology to improve their performance in liquid filtration 
applications. The microwave plasma technique, followed by 
a chemical post-treatment, was used to hydrophilise the 
membrane surfaces. While similar papers dealing with the 
plasma modification of polymer membranes have been pub- 
lished,21–26 none have considered the use of a nanofibre 
web surface modification with both plasma and chemical 
treat- ments for liquid/liquid and liquid/solid 
separations. This 
   study may thus provide a better understanding of the effects of 
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surface modifications on the permeability and liquid selec- 
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1. Materials and methods 
PAN (Elmarco s.r.o., Czech Republic) was dissolved in dime- 
thylformamide (DMF) to produce an 8% wt. PAN solution, and 
PVDF (Solef 1015, Belgium) was dissolved in dimethylacetamide 
(DMAc) to produce a 13% wt. PVDF solution. The DMF and 
DMAc solvents were purchased from Penta s.r.o., Czech 
Republic. The solutions were stirred overnight. Five different 
samples were prepared, defined by their PVDF/PAN nanofibre 
blend ratios (Table 1). A Nanospider electrospinning device 
(Elmarco s.r.o., Czech Republic) was used to produce the 
nanofibres under controlled and stable processing conditions, 
following previous studies (Fig. 1).27 A solution carriage 
feeds the polymer solution on a 0.2 mm moving stainless 
steel wire. The speed of the carriage is 245 mm s 1. High voltage 
suppliers are connected to the wire electrode (60 kV) and 
the collector electrode ( 15 kV). When the applied voltage 
exceeds a critical value, the polymer solution jets move 
towards the collector, the solvent evaporates, and the 
nanofibre web is collected on baking paper moving in front 
of the collector electrode. The speed of the movement of the 
baking paper is 10 cm min 1. The distance between the 
electrodes is 18 cm. The temperature and humidity of input 
air are set to 23 C and 20% by the air- conditioning 
system. The intake and outlet airflows are 100 and 115 m3 
h 1, respectively. 
The zero-shear viscosity of the polymer solutions was 
measured using a Fungilab Expert viscometer at 23 C. 
Pressure-driven liquid filtration applications require that the 
membranes possess sufficient mechanical strength to with- 
stand the operational conditions. The nanofibres were thus 
 
 
Fig. 1 Schematic illustration of the electrospinning device, with 
key components labelled. (A) Solution tank (feeds the solution 
towards the wire); (B) wire electrode; (C) spinning area; (D) 
collecting electrode, connected to a silicon paper as supporting 






was used to modify the surface for 5 min. The scheme of the 
plasma reactor is shown in Fig. 2. After the plasma treatment, 
the samples were exposed to the atmosphere for 20 min and 
then immersed in 1 M sodium hydroxide (NaOH) aqueous 
solution. The times of sample immersion were 0, 2, 4, 6 and 
24 h. The samples were then rinsed and kept in distilled water. 
A Millipore Amicon 50 mL stirred filtration cell (Millipore 
Corporation Billerica, Massachusetts, USA), with an active 
filtration area of 13.4 cm2, was used to evaluate membrane 
laminated onto a nonwoven spunbond supporting material to       
improve the mechanical strength of the membranes. The 
surface of the membranes was characterised by Scanning 
Electron Microscope (SEM, Vega 3SB) and the fibre diameters were 
analysed using the Image-J image processing software. The surface 
contact angle of the samples was measured at room temperature 
using a Kruss Drop Shape Analyzer DS4 with distilled water on 
the clean and dry samples. The PVDF/PAN mixture of polymeric 
nanofibres was evaluated using Fourier transform infrared 
spectroscopy (FTIR, Nicolet iZ10 by Thermo Scientific). A 1200-AEL 
capillary flow porometer (Porous Media Inc., Ithaca, NY) was used in this 
study to measure the pore size of the samples. 
The prepared nanofibrous composite membranes were cut 
into 5 cm 5 cm squares and subjected to the standard plasma 
treatment.10 Microwave-induced low vacuum argon (Ar) plasma 
Fig. 2 Remote microwave plasma device, with key components 
labelled. (A) Low vacuum microwave plasma head; (B) reaction 










S2 0/1 190.9 1.29   0.5 710   344 
S3 2/1 718.0 1.99   0.5 790   516 
S4 1/1 499.3 4.35   0.5 910   245 
S5 1/2 348.5 0.72   0.5 820   324 
 
Sample code PVDF/PAN wt ratio Viscosity (mPa) Area weight (g m 2) Pore size (nm) 



















performance (Fig. 3). The feed solution was prepared by mixing 
blue-coloured distilled water with vegetable (kitchen) oil in 
a 1 : 1 volume ratio. Water was coloured using methylene blue 
to properly observe the separation process. The feed solution 
was mixed with a hand mixer for a few minutes until a uniform 
mixture was obtained. The tested dry membrane was placed in 
the filtration cell, which was then filled with 20 mL of filtrated 
distilled water. The separation conditions were created under 
0.02 bar pressure. A 50 mL oil–water mixture was used for each 
test. The oil–water mixture did not separate into two phases 
during filtration. A magnetic stirrer was used to mix the feed 
solution during filtration. After the separation test, the 
permeate solution was collected in a glass graduated cylinder 
tube and sealed tightly to avoid evaporation. The permeate was 
kept for 24 h to separate into two phases and then determine 
the resultant water and oil percentages in volume ratio. The oil 

























CS  = 
V   
   100%; (1) 
where CS is the content of selected liquid (oil or water), VS is 
the volume of selected liquid and VP is the total volume of 
the permeate. 
The permeate flux (F) and permeability (k) of the membrane 
were calculated according to eqn (2) and (3), respectively: 
 dV 
It should be noted that the PVDF nanofibres possess a fibre 
diameter that is 2.5 times larger than that of the PAN nano- 
fibres. Mixing the PVDF polymer with PAN yields a fibre diam- 
eter that is 1.6 times smaller than that of the neat PVDF 
sample nanofibres. It was observed that the neat PAN nano- 
fibres have a beaded structure, which could be due to the low 
viscosity of the PAN solution (Table 1). Bead-free nanofibres 
were obtained after mixing PAN with PVDF. There were no 











visible changes in the observed fibre diameter after lamination. 
Water contact angle measurements are one of the simplest 
and easiest methods for determining the hydrophilic or 
hydrophobic nature of chemical groups attached to the surface 
where A is the effective membrane area (m2), V is the 




1. Results and discussion 
1.1. Surface analysis and characterisation of the 
unmodified membranes 
The SEM images in Fig. 4 show that there is no damage to the 
fibres on the top surface of the substrate, which suggests that 
the lamination was done successfully. 
of the layers. Based on the water contact angle observations 
(Fig. 5), it was evident that the addition of PAN increased the 
hydrophilicity of the resultant PVDF/PAN membranes. The 
results showed that a neat PAN (S2) web, with a contact angle of 
less than 90 , could be considered as a hydrophilic material.28 
Sample S5 had a contact angle close to 90 , while samples S1, S3 
and S4 each had angles larger than 90 and exhibited hydro- 
phobic characteristics. The contact angles changed after surface 
modification. The plasma and chemical modifications resulted 
in fully wettable surfaces with a contact angle of 0 . Only two 
modified images are shown in Fig. 5. Tran et al.29 found 





































He and O2 plasma treatments, increase the membrane surface 
hydrophilicity and membrane permeability. Similarly, super- 
hydrophilic PVDF electrospun membranes have been obtained 
by oxygen plasma treatment. Moreover, the plasma treatment 
did not significantly influence the average size and morphology 
of the nanofibres.30 Another study showed that both the surface 
modifications of PVDF and the surface wettability improved 
under plasma exposure.31 The most significant result is the 
hydrophilic modification of the PVDF membrane. 
The FTIR spectra were collected to investigate the chemical 
structure of the PVDF/PAN nanofibrous webs, shown in Fig. 6. 
The spectra confirmed the presence of both polymers in the 
blends, the absorption bands at 2240 cm 1 and 1664 cm 1 for 
the PAN nitrile groups and the stretching bands at 1173 cm 1 





chemical operation with NaOH were used to modify the 
membrane surfaces. The Ar plasma treatment should crosslink 
the polymers on the surface fibres and introduce polar groups 
there, while the chemical operation with NaOH should turn the 
nitrile groups into more polar carboxylic functionalities. The 
exploitation of both methods of surface modification should 
provide more stable and highly hydrophilic properties for the 
long-lasting service of the membranes. 
FTIR spectra were used to verify the effect of the plasma and 
chemical modifications on the composite membrane surfaces 
of S1, S2 and S4 (Fig. 8–10). Fig. 8–10 show that the modification 
caused a marked change in the surface functionality for the 
PVDF membranes, while only slight changes were observed for 
the PAN and PVDF/PAN (1/1) membranes. Tables 2 and 3 
describe the key absorbance peaks of the evaluated membranes 
in greater detail. 
Compared to unmodified PAN membranes, the peak at 
1737 cm 1 shifted to 1733 cm 1 after surface modification 
(Fig. 8). A sharp increase in the peak at 1733 cm 1 was observed 
after the plasma treatment and NaOH surface modification, 
likely due to the presence of an extra carboxylic group on the 
modified surface. 
Significant differences were observed after surface modifi- 
cation of the PVDF membranes (Fig. 9). The very broad and less 
intense peak between 2500 and 3500 cm 1 was due to O–H 
functionalities that improve the hydrophilicity of the 
membranes. The change in peak shape was due to of the extent 
of hydrogen bond stretching among the alcohol or carboxylic 
acid groups. These peaks change significantly with the surface 
and 876 cm 1 for the –CF2 and C–F groups of PVDF, respec-    
tively. The characteristic peaks for PVDF and PAN were modified  
according to the composition of the PVDF/PAN mixture. 
 
1.1. Characterisation of the modified membranes 
The mechanism of plasma deposition and chemical surface 
modification is shown in Fig. 7. Ar plasma treatment and 
 
 
Fig. 7  Schematic diagram of membrane surface modification 









Fig. 8 FTIR spectra of PAN membranes before and after 
surface treatment (only Ar plasma, Ar plasma + 2 h NaOH, Ar 





modification and length of NaOH treatment. The peak at 
2928 cm 1 indicated the C–H stretching frequency due to the 
parent hydrocarbon chain of the compound. 
There were no significant changes in the PVDF/PAN 1/1 
mixture after surface modification (Fig. 10). The FTIR results 
indicate that the surface of the PVDF membrane was success- 
fully modified, following the modification mechanism shown in 
Fig. 7. Given the presence of carboxylic groups on the 
membrane surface, one can expect the highly permeable and 
anti-fouling reaction of such materials. 
1.1. Oil–water separation 
Surface treatment allows for the creation of specific surface 
chemistries that increase membrane permeability and reduce 
membrane fouling. However, separation of the oil–water 
mixture is always difficult, so several microfilters are used for 
this purpose. 
The filtration results for the unmodified membranes, as well 
as the membranes modified by the Ar plasma and NaOH 
treatments, are shown in Fig. 11. The permeability of the 
membranes was compared before and after surface modifica- 
tion. The time “0” refers to the membranes without any treat- 
ment. The distilled water permeability values increased 
tremendously for the modified membranes. 
The permeability of all of the composite membranes 
depends on both the surface modification and modification 
time. It was found that the immersion of the samples in NaOH 
for 6 h resulted in the highest permeability result for each 
membrane type (Fig. 11). The highest permeability was achieved 
for the S5 sample, which was 20 times higher than the perme- 
ability of the untreated S5 sample. 
It was observed that the permeabilities of S2, S4 and S5 
decreased after increasing the NaOH immersion to 24 h 
(Fig. 11). A commercially available ultrafiltration membrane of 
PAN was pre-treated in NaOH solution.47 The NaOH-
induced hydrolysis of nitrile groups on the membrane 
surface led to a decrease in both the pore diameter and 
permeability of the membrane. The average pore diameter 
underwent a 4.3-fold decrease during the hydrolysis. The 
results showed that modi- 
fication of the membrane surface by anchoring carboxylic 
groups made the surface less prone to protein deposition. The 





Fig. 9 FTIR spectra of PVDF membranes before and after surface treatment (only Ar plasma, Ar plasma + 2 h NaOH,  








Fig. 10 FTIR spectra of PVDF/PAN (1/1) membranes before and after surface treatment (only Ar plasma, Ar plasma + 
2 h NaOH, Ar plasma + 24 h NaOH). 
 
swelling of the PAN polymers and a decrease in pore diameter. 
The pore sizes of the membranes were not measured after 
surface modification. The swollen pores apparently reduced the 
permeability of the membranes. A 6 h NaOH treatment seems 
optimum for all membranes. 
An example filtration procedure for an oil–water mixture 
through the prepared membranes is shown in Fig. 12, with the 
results of the separation included in Table 4. 
The results in Table 4 show that the modification of the 
nanofibrous membranes had a great effect on the selectivity of 
the membranes. The membranes in the first row, with a zero 
immersion time, had no surface treatment. Opposite to 
unmodified PAN, the unmodified PVDF shows hydrophobic/ 
oleophilic properties. Similar results were recorded in the 
literature, where the neat PVDF membranes showed 
hydrophobic/oleophilic characteristics either in surfactant-free 
 
Table 2 FTIR spectroscopy absorption bands for modified 
and unmodified PAN 
 
 
Wavelength (cm 1) Explanation 
 
 
water-in-oil emulsion or a surfactant-stabilised water-in-oil 
emulsion.48–50 The hydrophilicity and oleophilicity of the 
unmodified membranes change based on the ratio of PVDF/ 
PAN. In the sample of PAN composite membranes, the 
hydrophilic/oleophobic characteristics of the PAN did not 
change after surface modification. However, the water perme- 
ability of the PAN composite membranes underwent a 4-fold 
improvement after 6 h of immersion in the NaOH solution. It 
was observed that surface modification of neat PVDF allowed 
the material to exhibit hydrophilic properties. The literature 
showed that treated PVDF membranes can convert the 
membrane from being highly hydrophobic to being super- 
hydrophilic when wetted with water and with a high perme- 
ability.51,52 When the porous hydrophobic material is 
immersed in water, the water cannot penetrate the pores. 
However, the reduction of the surface tension of the solution 
(by the addition of salt or NaOH) made the membranes 
‘permeable’ for water. The effects of both the surface 
modification and the increase in pore permeability improve the 
membrane hydrophilicity. Zhang et al.53 prepared a 
superhydrophilic/superoleophobic PAN ultrafiltration 
membrane by an alkaline-induced phase inver- sion process 
by the addition of NaOH into coagulation bath. 
1240, 1369, 1453, 
2938 
Vibration of aliphatic CH groups 
(CH, CH2, CH3)32 
This induced the in situ hydrolysis of –CN groups in the PAN 
chain to –COOH groups, which resulted in the superwetting of 
1733, 1737 Stretching vibration of the C=O bond. 
The presence of this C=O peak could be due 
to residual DMF in the PAN fibers.32 Moreover, 
additional surface treatment changes the 
intensity of the peak due to the carboxylic 
group on the surface 
2240, 2242 Stretching vibration of the nitrile groups 
(CN) in acrylonitrile structure33 
the PAN membranes. The membrane showed ultralow oil 
adhesion, thus endowing the membrane with superior oil– 
water separation properties and a high water permeability. 
The mixture of polymers showed that it was possible to 
control the oil or water uptake by altering the time of modifi- 
cation. In general, it is possible to conclude that the surface 






Table 3 FTIR spectroscopy absorption bands for modified 
and unmodified PVDF 
 
 
Wavelength (cm 1) Explanation 
 
 
725 Methylene swing in-plane vibration 
due to C–C rocking vibrations in –(CH2)n. 
The absorbance is originating from 
exposure of the polymer + plasma bond 
to air for 20 min34,35 
841 C–F stretching vibration of PVDF36 
881 C–C–C asymmetrical stretching vibration 
of PVDF36 
1175 Band for –CF2 symmetrical stretching and 
a phase of PVDF37–39 
1242 Enhanced carbonyl absorption peak –C–O– 
stretching band40,41 
1401 –C–F– stretching39 
1546 Carboxylate peak asymmetric –O–C–O–42 
1638–1718 Carbonyl (C=O) stretching vibrations. 
Primarily centred around 1710–1720 cm 1 
(ref. 43) 
2853 Symmetric stretching of CH2 
2925 Asymmetric stretching of C–H44 
3020 Asymmetric starching vibration of the 
CH2 groups45 




while decreasing their oleophilicity. PVDF nanofibres had 
a better mechanical and abrasion resistance compared to the 
PAN nanofibres. Surface-modified PVDF nanofibres seem to be 
suitable for the separation of water from water–oil mixtures. 
Moreover, it was found that a mixture of PVDF with PAN can be 
hydrophilic/oleophobic and gain a higher permeability 
compared to neat PVDF and neat PAN membranes. 
The study presents the first industrial nanofibre production 
method to fabricate nanofibres for the separation of oily 
wastewater. Moreover, easy spinnable polymers and an inex- 
pensive surface modification method were used to change 
surface hydrophilicity and oleophobicity. Compared to similar 
 
 
Fig. 12 Permeates after oil–water filtration. Sample S1 (left) and 





studies in the literature, the membranes tested here showed 
very high permeability after separation.54–58 
Based on the permeability and selectivity results, S5 was 
selected as the best candidate for the filtration of oily waste- 
water. The surface morphology of S5 was investigated by SEM 
image after surface modification and separation test, as shown 
in Fig. 13. 
The SEM results showed that the diameter of the nanofibres 
increased with increasing immersion time, while the size 
distribution of the nanofibres improved. This is due to the 
swelling of PAN nanofibres in the NaOH aqueous solution. 
Similar results were obtained in the literature.47 Yang et 
al.59 found that after immersing the PAN membranes in 
NaOH, the hydraulic permeability decreased, and an 
increase in the rejection of dextran was observed due to 
the swelling of the hydrolysed layer. Kim et al.60 found 
that the annealed PAN membrane underwent a decrease in 
pore size after it was treated with 2 M NaOH or CH3ONa for 
over 2 h. The reason for this is that NaOH-induced 
hydrolysis of the nitrile groups on the membrane surface 
results in membranes with decreasing pore diameters. The 
pore diameters of the samples were not measured after 
modification, because the pore size measure- ments were done 
on dry membranes. Drying the wet nanofibre web would 
cause cracking on the surface of the nanofibres, which 
highlights that it is better to keep the membrane in a wet 
condition once it has been wetted. After surface modification, 
       the membranes were kept in distilled water until the separation 
test was run. The SEM results indicate that fibres grew and 
became flattened, likely due to the decrease in pore size. After 
separation, the membranes were dried in the oven without 
any cleaning, and the SEM images were taken. The images 
showed that after oil separation, all membrane surfaces were 
contami- nated with oil (Fig. 13). The fibres are barely visible 
under a cake 
 
 
Table 4 The water and oil contents in the permeates 
 
Water content (%) Oil content (%) 






















0 0 100 0 50 73 100 0 100 50 27 
2 10 100 26 100 81 90 0 74 0 19 
4 18 100 50 100 86 82 0 50 0 14 
Fig. 11 The permeability of the samples after various modification 6 74 100 100 100 100 26 0 0 0 0 









Fig. 13 SEM images of sample S5 after: (a) 4 h, (b) 6 h and (c) 
24 h surface modification and their SEM images after the 






layer. The permeability results of the 24 h modification were 
quite low compared to the 2, 4 and 6 h separation tests. It is 
visible from the SEM image that the total surface of the 24 h 
modified membrane was totally covered with an oil film, which 
led to a marked decrease in its permeability. 
 
1. Conclusions 
Functional PVDF, PAN and PVDF/PAN nanofibrous composite 
membranes were successfully fabricated for the separation of 
an oily wastewater. It was found that both the polymer 
blending method and modification of the membranes can 
change the surface hydrophilicity and oleophilicity. These 
changes can be attributed to structural changes in the 
membranes to decrease surface energy and increase in pore 
permeability. 
The membrane permeability can also be altered based on the 
chemical treatment parameters. In the case of membranes with 
modified PAN, water permeability increases dramatically. 
Depending on modification parameter, a permeability of 
25 000 L m 2 h bar 1 was achieved with Ar plasma exposure 
followed by NaOH modification. The FTIR results confirm the 
polymer mixture and surface modification. Contact angle 
measurements showed that after surface treatment, 
membranes become highly hydrophilic, with the water drop 
immediately disappearing. SEM studies revealed no physical 
damage to the polymer surface lamination. 
The distilled water flux for the modified membranes 
increased dramatically because of its high hydrophilicity. The 
oily wastewater fouling was considerably reduced by the 
membrane flux for modified membranes. 
Improved strength and, in the instance of PVDF, the 
improved wettability of the membranes, make them more 
suitable for aqueous filtration. These prepared membranes 
could thus be used for the practical microfiltration of oily 
wastewater. 
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Abstract: A facile and low-cost method has been developed for separation of oily wastewater. Polyvinylidene 
fluoride/polyacrylonitrile (PVDF/PAN) nanofibers laminated on a supporting layer were tested. In order to create 
highly permeable and fouling-resistant membranes, surface modifications of both fibers were conducted. The 
results of oily wastewater separation showed that, after low vacuum microwave plasma treatment with Argon 
(Ar) and chemical modification with sodium hydroxide (NaOH), the membranes had excellent hydrophilicity, 
due to the formation of active carboxylic groups. However, the membrane performance failed during the 
cleaning procedures. Titanium dioxide (TiO2) was grafted onto the surface of membranes to give them highly 
permeable and fouling-resistance properties. The results of the self-cleaning experiment indicated that grafting 
of TiO2 on the surface of the membranes after their pre-treatment with Ar plasma and NaOH increased the 
permeability and the anti-fouling properties. A new surface modification method using a combination of plasma 
and chemical treatment was introduced. 
 




The increasing amount of industrial and domestic oily wastewater has become one of the most important 
problematic issues for the environment and human health. Oil–water emulsion separation has gained more 
importance in recent decades. A few methods have been developed for oil–water separation, such as oil 
containment booms [1], coagulation method [2], oil sorption materials [3–5], oil skimmers [1], air flotation [6], 
and combustion [7]. However, these methods have disadvantages, like secondary pollution, expensive 
operation, low efficiency, complicated operation, and they are time-consuming. Microfiltration is one of the 
simplest and widely used methods for separation of oily wastewater. Many researchers have developed various 
types of microfilters. Membranes are the most important part of the microfiltration process [8]. For instance, it 
was found that superhydrophilic in situ-crosslinked zwitterionic polyelectrolyte/polyvinylidene fluoride-
blend membranes exhibit high water permeation flux and good antifouling properties for separating oil-in-
water emulsions with high separation efficiency [9]. Cao et al. prepared hyperbranched polyethyleneimine 
(HPEI) glass fiber membranes for oil–water separation. The modified membrane showed high permeation and 
quantitative oil rejection with excellent thermal and chemical stability, compared with polymer-based 
membranes [10]. Cumming et al. [11] developed a method for characterizing the rejection efficiency, by using 
an asymmetric metal microfilter to separate oil in a water dispersion. Results showed that the rejection of oil 
drops depended on the size distribution of the emulsion, and the use of a surface 
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filter without any internal tortuosity excluded the possibility of internal fouling. However, fouling is a common problem 
that has to be faced during microfiltration. In fouling, the membrane is contaminated by a solution or particle,  which 
results in a decrease in membrane performance.        In general, fouling forms on hydrophobic surfaces as a result of 
aggregation, protein adsorption, and denaturation at the membrane–solution interface [12]. 
Fouling  causes  a  decrease  in  the  performance  of  the  filters,  and  generates  extra  costs   for repetitive cleaning 
procedures. For effective  oily  water  treatment,  antifouling  membranes with very high selectivity are required. More 
often, the selectivity and the fouling resistant properties of the membranes are strongly dependent on their surface 
wettability.   With  this aim     in mind, many researchers have employed various modifications to change the surface 
properties   of the polymeric membranes, such as surface grafting, blending, surface coating, and surface absorption [13–
19]. Zhang et al. [20] fabricated a Graphene oxide modified polyacrylonitrile hierarchical-structured membrane. It was 
found that this hierarchical-structured membrane exhibited a very high flux, feasible rejection ratio, and superior 
antifouling performance in separating an oil–water emulsion,  due to its surface hydrophilicity.  In another work [21],  
pancreatic enzyme  was immobilized on polyethersulfone membranes by electron beam modification. The anti-fouling 
property of the membrane was obtained after switching on the catalytic activity of the enzyme by adjusting the pH and 
temperature. As a result, the membrane surface actively degraded a fouling layer, and regained its initial permeability. Yang 
et al. [22] fabricated a superhydrophilic and superoleophobic nanocomposite coating by spray casting nanoparticle–polymer 
suspensions on various substrates. They synthesized the polymer with hydrophilic and oleophobic properties by using 
the reaction     of poly (diallyldimethylammonium chloride) (PDDA) with sodium perfluorooctanoate (PFO) in aqueous 
solution, in which PFO anions can coordinate to quaternary ammonium groups of PDDA. As a result of the high surface 
concentration of fluorinated groups, together with carboxyl and quaternary ammonium groups, oleophobic and 
hydrophilic material were fabricated. Water molecules are able to penetrate the surfaces, while oils cannot. An air plasma 
treatment was applied to enhance the hydrophilicity of the coating material and increase the water permeability,  while 
there was      no change in superoleophobic properties. Wei et al. [23] used maleic anhydride to graft onto a 
polyacrylonitrile (PAN) membrane surface via ultraviolet irradiation. Hyperbranched polyester grafting onto the PAN 
membrane surface, by the reaction of hydroxyl groups with anhydride groups of maleic anhydride, followed the grafting 
process. The filtration showed that modified membranes had a 4–6 times higher water flux and better antifouling 
properties than pristine PAN membranes, and their hydrophilicity was significantly improved. Zhang et al. [14] fabricated 
an ultralow oil-fouling amphiphilic copolymer incorporated poly(ether sulfone) (PES) heterogeneous membrane. First, the 
amphiphilic copolymer was prepared by semibatch reversible addition—where the fragmentation chain was transferred by 
poly (ethylene glycol) methyl ether methacrylate (PEGMA) and 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl acrylate (TFOA). 
The resultant amphiphilic fluorinated gradient copolymers were then incorporated into the PES. The resultant membrane 
showed effective oil–water emulsion separation due to the hydrophilicity of PEG and low surface energy of PTFOA. Wang 
et al. [24] prepared titanium dioxide (TiO2) doped polyvinylidene fluoride (PVDF) nanofibers to prevent fouling of 
membranes in oil–water separation. TiO2 gel was prepared and mixed with the PVDF solution before the spinning 
process. The membranes showed reversible separation of the oily water by UV (or sunlight) irradiation and heating 
treatment. Among various materials, TiO2 has been widely used, due to its self-cleaning and photocatalytic properties 
[25,26]. 
In this work, nanofibers were produced as an active layer for microfiltration.  The properties 
of the nanofibers, such as their ability to be embedded within other media, high surface-to-volume ratio, large porosity, 
narrow pore size, easiness to operate, and adjustable functionality, are much more effective than conventional polymeric  
membranes used in liquid  filtration.  Nanofibers have a porosity of over 80% in the structure, which improves the 
filtration efficiency of the membranes. The low mechanical strength of the nanofibers restricts their application in 








To overcome this problem, a special lamination technique was applied, and nanofibrous composite 
membranes were formed as microfilters. The principle of the lamination technique has been 
explained in our previous work [28–30].  The use of this lamination technique did not change the 
properties   of the nanofibers on the surface of the membrane.   A polyester nonwoven layer was 
selected as        a supporting layer for the nanofibers.  The lamination technology provides excellent 
adhesion of   the nanofibers to the substrate, as well as durable structural stability, which provides 
a longer lifespan and greater effectiveness in the cleaning process. In this work, a mixture of PVDF 
and polyacrylonitrile (PAN) nanofibers were fabricated. PVDF has a high hydrophobicity and 
thermal stability, good chemical resistance and oleophilicity. Its good electrical properties result 
from the polarity of alternating groups on the polymer chain, and easiness to fabricate the nanofiber 
web [31,32]. PAN has good characteristics, including thermal stability, tolerance to most solvents, 
and commercial availability [33]. PAN nanofibers are more hydrophilic and better at plasma 
etching compared to PVDF [34,35]. However, PAN nanofibers have lower mechanical and abrasion 
resistance than PVDF. The aim of mixing both polymers is to improve the mechanical properties of 
the nanofiber web, while providing an effective plasma treatment. In addition, both of the polymers 
were selected due to their relative low cost and widespread commercial use. 
The selectivity and permeability are two key factors in the membrane process. The selectivity 
of membranes is largely determined by the surface porosity and pore size of the substructure, and 
the chemical and physical properties of the membrane, while the permeability mainly depends on 
the hydrophilicity, porosity, and pore size of the membrane.  Due to the lack of functional groups 
on  the PVDF/PAN nanofibrous membrane surface, it is necessary to introduce some functional 
groups by surface modification.  In this study,  the nanofibrous composite membranes were 
covered by  TiO2 nanoparticles, due to their high stability, high photocatalytic activity, non-toxicity, 
low cost, chemical resistance, and antibacterial activity to certain microorganisms. TiO2 
nanoparticles can be used to successfully overcome the fouling problem. The nanoparticles were 
grafted on the surface of nanofibrous membranes using plasma and chemical pre-treatments. 
According to our knowledge, this method has not been reported so far. The ultimate goal of this 
work was to introduce a new surface modification method that could offer highly permeable and 
fouling resistant membranes. 
1. Materials and Methods 
 
1.1. Preparation of the Nanofiber Web 
A total of 8 wt % polyacrylonitrile (PAN) (MW = 150 kDa, purchased from Elmarcos.r.o., 
Liberec, Czech Republic) was dissolved in dimethylformamide (DMF), while 13 wt % 
polyvinylidene fluoride (PVDF) (form from Solef 1015, Bruxelles, Belgium) was dissolved in 
dimethylacetamide (DMAc). Solvents were purchased from Penta, s.r.o., Prague, Czech Republic. 
The solutions were stirred overnight. A nanofiber web blend was prepared. The blend ratio of 
PVDF/PAN nanofibers in the composite was 1/2 in wt %.  This ratio was determined based on our 
previous experience [34,36].    A lab-scale Nanospider (Elmarco s.r.o., Liberec, Czech Republic) 
electrospinning device was used  for the production of nanofibers under stable conditions (Figure 
1). A solution tank fed the solution toward the wire electrode. If the electrical fields between the wire 
electrode and the collector overcome the surface tension, Taylor’s cones were formed, and jets moved 
towards a take-up cylinder connected to a supporting material. The spinning conditions were kept 











Figure 1. Schematic diagram of the Nanospider device. 
 
1.1. Formation of a Nanofibrous Composite Membrane 
The nanofiber web was gently laminated on a supporting layer using a Meyer RPS-L Mini 
lamination machine (Maschinenfabrik Herbert Meyer GmbH, Roetz, Germany) at room 
temperature (Figure 2). 
 
Figure 2. Lamination method and equipment [37]. 
 
The nanofiber web was collected on silicon paper. A 100 g/m2 polyethylene terephthalate 
spunbond nonwoven fabric was used as supporting layer, and 3 g/m2 of co-polyamide adhesive 
web were used to adhere the nanofibers and the nonwoven web. The lamination machine had a 
conveyer belt resistant to heat and damage. The maximum width of the samples was set as 400 
mm, while there was no limitation on the length. The configuration of the substrate mainly 
depended on the application, and could be varied to reach the desired structural properties, 
including strength, stiffness, and durability, pliability and flexibility, and temperature resistance. 
The zero-shear viscosity of the polymer solutions was obtained using a Fungilab Expert 
viscometer (Fungilab Leading Viscosity Technology, Barcelona, Spain) at 23 ◦C. The surface of the 
membranes was characterized using a Scanning Electron Microscope (SEM, Vega 3SB, Brno, Czech 
Republic) and fiber diameter, diameter distribution, and porosity were analyzed using the Image-J 
program (free online program). The surface contact angle of the samples was measured at room 
temperature using a Kruss Drop Shape Analyzer DS4 (Kruss GmbH, Hamburg, Germany), using 
distilled water on the clean and dry sample. An 1200-AEL capillary flow porometer (Porous Media 
Inc., Ithaca, NY, USA) was used in this study to measure the pore size. FTIR spectra were used to 
verify the effect of the plasma and chemical modifications on the composite membrane surface. 
The polymeric nanofiber membranes were evaluated using Fourier transform infrared 






1.1. Surface Treatment 
The membranes were then subjected to the low vacuum plasma treatment described in 
the literature [38]. Microwave plasma treatment in argon was used to modify the surface for 
5 min. After plasma activation, the sample was exposed to the atmosphere for 20 min, and 
then immersed in 1 M of a sodium hydroxide (NaOH) solution for 24 h.   The TiO2  
nanoparticles were prepared     as follows: 
• Solution A: 5 wt % of titanium isopropoxide (Sigma-Aldrich, Sigma-Aldrich Sp. Z.o.o., 
Poznan, Poland) was mixed in a propanol solvent at 50 ◦C. 
• Solution B: 5 wt % of diluted acetic acid was prepared. 
• Solution C: Solution B was slowly poured into solution A at a ratio of 50:50 v/v. 
• Solution D: Solution C was heated to remove any water. 
• Solution E: Sodium hydroxide (NaOH) was used to neutralize the pH of solution D. 
After the described procedure,  the titanium dioxide with some amount of aliphatic 
chains   was obtained. The presence of oxygen groups into the aliphatic chains was 
confirmed by FTIR analysis, shown in [39]. Hence, the crystallinity structure of TiO2 can be 
classified as a polyamorous. Therefore, the average particle size of these materials will be 
larger than for pure anatase or rutile structure of TiO2. However, application of acetic acid 
provided a decrease of average particle size of TiO2 [40]. To show the photoactivity of the 
titanium dioxide layer, the photodegradation examination with BSA (bovine serum 
albumin) fouled layers were performed. These results are widely explained in our paper 
[38]. 
Finally, the membranes, after plasma and chemical treatments, were immersed into 
solution E for 2 days. The samples were rinsed and kept in distilled water. 
PVDF/PAN 1/2 nanofibrous membranes were treated by plasma and chemical 
methods in four different configurations, as shown in Table 1. 
 
Table 1. Preparation of nanofibrous composite membranes in various ways for different 
combinations of plasma and chemical methods. 
 
of the Sample 
 
5 min Plasma + 20 min 
exposed to atmosphere 
5 min Plasma + 20 min 
exposed to atmosphere 
 
Immersed into NaOH for 24 h - 
 
Immersed into solution E for 2 days - 
5 min Plasma + 20 min 
exposed to atmosphere 
5 min Plasma + 20 min 
exposed to atmosphere 
Immersed into NaOH for 24 h and 
solution E for 2 days 
Immersed into NaOH for 24 h and 








P0* is a neat PVDF/PAN membrane without any post-treatment. 
 
It was proven that the TiO2 surface becomes more hydrophilic after UV irradiation [41,42]. In 
this study, the effect of the UV irradiation on the fouling of TiO2 covered nanofibrous membranes 
has been investigated. 
1.2. Filtration and Self-Cleaning Experiments 
The oil–water separation was carried out with a 50 mL Millipore Amicon stirred filtration cell 
(Millipore Corporation Billerica, MA, USA). A schematic diagram of the dead-end device is shown 
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methylene blue to properly observe the separation process. The feed solution was mixed with a 
hand mixer for a few minutes, until a uniform mixture was obtained. Subsequently, 90 mL of 
distilled water was filtrated, followed by 45 mL of the oil–water mixture. This procedure was 
repeated a few times to determine the anti-fouling properties of the membrane. The membrane was 
not changed or replaced during each repeating step. The separation process was performed under 
a 0.02 bar pressure. 
 
Figure 3. Schematic diagram of dead-end filtration. 
 
The permeate flux (F) and the permeability (k) of the membrane  were  calculated  
(Equations (1) and (2)): 
F = 









where A is the effective membrane area (m2), V is the total volume of the permeate (F), p is the 
transmembrane pressure (bar), and t is the filtration time [43]. 
1. Results 
 
1.1. Membrane Characterization 
The SEM images are given in Figure 4. The SEM images demonstrated that the lamination 
process did not damage the surface of the nanofiber layer. However, there were some blind spots, 
where the adhesive web covered the surface of the nanofibers and totally blocked the pores. In the 
resultant web, blind spots were rarely observed. It was not possible to remove these blind spots 
without delaminating the membranes, but it was possible to keep their number as low as possible. 
The fiber diameter of the nanofiber was around 110 nm, which was good for the filtration process, 
due to the small pore size. The pore size of the nanofiber was related to the diameter of the fiber. A 
lower fiber diameter yielded a lower mean pore size. 
Table 2 shows the characterization of the nanofiber layer. The basis weight of the nanofiber 
web was less than 1 g/m2, which was advantageous at high production speeds, and led to low 
production costs.  The porosity of the membrane was quite important for the permeability of the 
membranes.   In this study, the nanofiber layer had a porosity of more than 85% of its bulk volume. In 
theory, the low water contact angle indicates higher hydrophilicity and better wettability that 
increases the water permeability through the membrane. It is well know that hydrophilic 
membranes decrease the fouling due to the high affinity of the membrane to water molecules [44]. 
The pristine PVDF/PAN membrane without any surface treatment can be considered as being 










Figure 4. SEM images of PVDF/PAN nanofibers after the lamination process. 
 
Table 2. Membrane characterization for PVDF/PAN nanofibers. 
 
 
Viscosity Basis Weight of Fiber Diameter Porosity Avr. Pore Contac
t 
Polymer (Pa.s) Nanofiber (g/m2) (nm) (%) Size (nm) Angle (◦) 
PVDF/PAN 0.35 0.76 ± 0.50 110.18 ± 19.90 >85 820 ± 32 92.7 ± 3 
 
As shown in Table 2, the water contact angle of the pristine PVDF/PAN membranes was 92.7◦. After 
surface modification with plasma, the water contact angle of the membranes decreased to 0◦. These results 
indicate that the hydrophilicity of the membranes was improved by plasma and chemical modification. 
All the surface modified membranes showed a “zero” water contact angle. The surface wettability of the 
membranes was improved by the plasma and plasma + chemical modification, due to the introduction of 
hydroxyl groups. Clouet et al. observed that argon plasma can be used to introduce oxygen functionality into 
the surface of the material [45]. For inert Ar gas plasma, functionalization of the surface is thought to take 
place on atmospheric exposure after the plasma treatment, as shown in Figure 5. 
 
 
Figure 5. Functionalization of membranes by atmospheric exposure subsequent to Ar plasma treatment. 
 
The carboxyl/hydroxyl groups attached to the surface of the membrane increases the hydrophilicity of 
the membranes. 
After incorporation, carboxyl or hydroxyl groups onto the fiber surface titanium dioxide deposition was 







via sol-gel method. The mechanism of self-assembly of TiO2 on the polymer surface is described in 
Figure 6. 
 
Figure 6. Mechanisms of self-assembly of TiO2 with a polymer surface. Reproduction from [46]. 
 
In the first case, the titanium particles are connected to the surface by the ether coordination 
bonds, while in the second, the Ti is bonded by hydroxyl groups to the alkyl moieties. To verify the 
photoactivity of TiO2 on the polymer surface, the photodegradation process was conducted. The 
results showed that the fouled layer of BSA could be removed from the membrane surface with 95% 
efficiency after UV irradiation in the presence of TiO2 particles [38]. Unfortunately, the TiO2 
particles on the surface were not visible by means of our SEM instrument. We were only able to 
determine that they did not aggregate. 
It was found that NaOH-induced hydrolysis of nitrile groups on the PAN  surface resulted  in 
increasing of membranes swelling with the time of treatment [47]. Yang et al. [48] hydrolyzed PAN 
hollow fiber in different concentrations of NaOH solution (0.5, 1 and 2 N). By increasing the 
concentration of NaOH, the concentration of carboxylic groups greatly increased. However, the 
highest concentration caused severe degradation of PAN fibers. In another paper dealing with 
chemical modification with NaOH, the decrease of water flux during the progress of hydrolysis with 
the increase of solute rejection was observed [49]. 
1.1. Filtration and Self-Cleaning Experiments 
In this study, oil/water separation experiments were conducted by using a dead-end filtration 
device. The permeability of the each membrane was calculated according to Equation (2). Figure 7 
shows the permeability of membranes for alternated filtration of water and the oily water. The 
process was repeated in each cycle. Between each cycle, the membranes were washed gently. 
The performance of the membranes without post treatment is shown in Figure 7A. In each 
cycle, the filtration efficiency and the permeability of the membranes decreased drastically due to the 
fouling phenomenon. The permeability of the membranes with pure water decreased over 3000 times 
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Figure 7. Repeated fouling and self-cleaning experiments of samples (A) P0, (B) P1, (C) P2, (D) P3, and (E) 
P4. 
 
Membrane P1 showed better permeability than P0, due to the increase of hydrophilicity after 
treatment. However, fouling was inevitable. At the end of the fifth cycle, the pure water permeability of the 
membranes decreased 6 times. A similar trend was observed for membrane P2. Immersing the membrane 
into the TiO2 solution after plasma treatment did not improve the membrane performance. On the other 
hand, membrane P3 showed excellent permeability with antifouling properties, even after the tenth cycle. A 
mid-treatment between plasma and TiO2 modification was necessary. Immersion in NaOH solution is an 
effective method for grafting TiO2 to the surface of the membrane,  due to the creation of carboxylic groups. 
Once the sufficient surface grafting of TiO2  had been obtained,  the membrane fouling-resistance and 
membrane permeability improved. A schematic diagram of the chemical modification process is shown in 
Figure 8. 
In the first stage, membranes treated with Ar microwave plasma were exposed to air for 20 min. 
Carbonyl/hydroxyl groups were formed on the surface of the membranes. Formation of carboxylic groups 
on the surface occurred after NaOH treatment. Eventually, TiO2 particles were grafted to the activated 
surface. 
It is well known that UV radiation activates TiO2 located on the surface. For this aim, membrane P4 
was prepared and tested on a filtration unit. The results show that there is no high permeability difference 
between membranes P3 and P4. As UV treatment generates an extra cost, it can be concluded that such 
operation is not needed to improve membrane permeability. 
 



















































































































Figure 8. Schematic diagram of the surface modification of PVDF/PAN membranes. 
 
The FTIR spectra were collected in order to investigate the chemical structure of the pristine 
membrane, and the membrane after plasma and chemical modification. Figure 9 confirms the presence of both 
polymers in the blend of PVDF/PAN. Stretching bands at 1175 cm−1, 1412 cm−1, and 876 cm−1 for the –CF2 
and C–F groups of PVDF, and absorption bands at 2239 cm−1 for the PAN nitrile groups, were observed. The 
TiO2 sample had transmittance peaks in the range of 500–1000 cm−1, which was assigned to the vibrations 
of Ti–O and Ti–O–Ti framework bonds. The bands around 1619 cm−1 corresponded to the bending modes of 




















Figure 9. FTIR spectra of the neat sample and the sample after modification. 
 
Figure 10 showed the permeability comparison of all of the membranes.  The oily water and the pure 
water permeability was compared separately. All of the surface modified membranes exhibited higher pure 
water permeability than the pristine membrane. Moreover,  membrane P3  has higher permeability and 

























fouling resistance property were remarkably improved.  It can be concluded that the TiO2  grafted  to the 
hydrophilic membrane surface prevented direct adhesion of the oil droplets. Chen et al. [54] prepared a porous 
PVDF–MWCNT (multiwalled carbon nanotube) foam, which was characterized as a reusable and compressible 
superhydrophobic–superoleophilic separator with good elasticity and low surface energy. The porous PVDF–
MWCNT foam exhibited high adsorption capacity to a variety of oils/organic solvents that made it a promising 
candidate for large-scale industrial applications. Unlike our membranes, their foams worked on the adsorption 
principle with a capacity 300–1200% of its own weight. Our membranes P0–P4 worked in the permeability 
principle, and did not need any additional treatment. 
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Figure 10. Permeability vs the number of cycles for (A) oil–water, and (B) distilled water. 
 
The selectivity of the membranes is shown in Figure 11. The feed solution after separation was collected, 
and the volume ratio of the oil and water was measured. The percentage of the selected liquid was calculated as 
follows: 
amount o f  selected liquid = 
Vselected liquid 
100  % (3) 
Vtotal f eed 
 














P0 P1 P2 P3 P4 
 
Figure 11. Selectivity of the membranes P0–P4. 
 
Figure 11 shows that the neat PVDF/PAN membrane is both hydrophilic and oleophilic, while the surface 
treated membranes are more hydrophilic. The water selectivity of the pristine PVDF/PAN membrane improves 


































characteristics of the membranes made them attractive for the filtration of oily wastewater. Even though the 
membranes showed good hydrophilicity and oleophobicity, they were not sufficient enough to be applied 
to the separation process. The sought membranes should be easily cleanable, and should not lose their 
performance over time. Only two of the investigated membranes, P3 and P4, fulfill the properties of ideal 
membranes for oil–water separation. On the other hand, the permeability of membranes P3 and P4 was 
almost the same for the separation of oily wastewater. We determined that membrane P3 was the best 
membrane for separation, and that there was no need to expose it to UV light in order to activate the TiO2 
particles on the membrane surface. The method used for the surface modification proved that highly 
permeable and highly selective membranes can be obtained for the separation of oily wastewater. 
4. Conclusions 
In summary, a PVDF/PAN nanofiber web was successfully fabricated and laminated. The resultant 
membranes showed both hydrophilic and oleophilic characteristics. A series of surface modifications were  
applied to the PVDF/PAN  membranes to enhance the hydrophilicity  and permeability of   the 
membranes. 
It was found that Ar-plasma surface treatment was not multifunctional; therefore, more than one 
chemical modification was required to accommodate the grafting of a functional TiO2 group onto the 
membrane surface. Since the surface of the TiO2-grafted membranes was able to build a highly 
hydrophilic and low surface energy barrier against the adhesion of oil droplets, the permeability and the 
antifouling properties were significantly enhanced. Undoubtedly, the most important part of the surface 
modification technique was grafting of TiO2 onto the surface of the membrane. 
In conclusion, we have reported a facile and low-cost method for the preparation of 
hydrophilic/oleophobic membranes by using a new surface modification approach with a plasma and 
chemical method. Needless to say, surface treated polymeric PVDF/PAN membranes are a good candidate 
for use in separation technologies for water/oil emulsions. 
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Abstract: Preparing easily scaled up, cost-effective, and recyclable membranes for separation technology is challenging. 
In the present study, a unique and new type of modified polyvinylidene fluoride (PVDF) nanofibrous membrane was 
prepared for the separation of oil–water emulsions. Surface modification was done in two steps. In the first step, 
dehydrofluorination of PVDF membranes was done using an alkaline solution. After the first step, oil removal and 
permeability of the membranes were dramatically improved. In the second step, TiO2 nanoparticles were grafted onto 
the surface of the membranes. After adding TiO2 nanoparticles, membranes exhibited outstanding anti-fouling and 
self-cleaning performance. The as-prepared membranes can be of great use in new green separation technology and 
have great potential to deal with the separation of oil–water emulsions in the near future. 
 




Burgeoning industrial development unavoidably generates large volumes of wastewater that contain emulsified 
oil/water mixtures. Cost-effective and efficient separation processes for such mixtures are in high demand yet still 
challenging. Current separation techniques include centrifuges, magnetic separation, oil skimming, floating, and 
depth filters, which are more suitable for immiscible oil/water mixtures but not for emulsified ones [1]. Emulsified 
oil/water mixtures can contain droplet sizes less than a few microns, which require specific separation techniques. 
Polymer-based microfiltration (MF) membranes were successfully used for the separation of oil/water 
emulsions. However, the permeability and flux of the membrane decline rapidly due to membrane fouling that 
reduces their performance over a short operation time. The main reason for the membrane fouling is that oil droplets 
plug the pore size of the membrane and/or adsorption of the surfactant. To address the membrane fouling problem, 
several attempts were made to improve the hydrophilicity of the membrane through blending of hydrophilic 
polymers, surface grafting, or surface modification. Zhang et al. [2] prepared an alkaline-induced phase inversion 
polyacrylonitrile (PAN) membrane, which showed superhydrophilic/underwater superoleophobic characteristics. 
During the phase inversion process, sodium hydroxide (NaOH) was added to the coagulation bath. In the NaOH 
coagulation bath, the –CN groups of PAN hydrolyzed to –COOH groups, which introduced hydrophilic components to 
the PAN. Moreover, adding NaOH led to the formation of a rough structure on the membrane surface. The resultant 
membrane showed very high flux with oil rejection of the oil residual. On the other hand, Fan et al. [3] prepared 
hydrophilic/oleophilic polystyrene (PS)/polyacrylonitrile (PAN) bicomponent membranes that exhibited extremely 
high oil flux. The bicomponent PS/PAN membrane was prepared using the electro-blowing method.  Results 
indicated that the flux of the 
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membrane achieved up to 1800 L·m−2·h−1 (efficiency > 99.6%) with a flux recovery ratio of 94.09% after 10 cycles. Moreover, 
the tensile strength of the membrane improved by increasing the ratio of PAN in the mixture. In another work [4], titanium 
dioxide (TiO2) nanoparticles were grafted onto the surface of polyvinylidene fluoride (PVDF)/polyacrylonitrile (PAN) 
membranes using a two-step modification system. In the first step, hydroxyl and carbonyl groups were introduced onto the 
membrane surface using low-vacuum argon plasma treatment and a NaOH aqueous solution. In the second step, TiO2 
nanoparticles were grafted onto the surface of the membrane. Results indicated that the TiO2 grafted membrane showed 
extremely high water permeability with a self-cleaning property. Nanofiber webs are a good candidate for use in filtration 
applications due to their high surface   area, tight pore size, and highly porous structure. Even though there is an air 
filtration application on an industrial scale, water domain applications are still in progress. Mechanical strength of the 
nanofibers is not enough to withstand any pressure under water. There were a number of works submitted on improving 
mechanical properties of nanofibers such as dip coating, addition of epoxy, 
polymer or inorganics blending, tailoring, ultrasonic welding, heat pressing, etc. [5–14]. 
Herein, the mechanical problem of the nanofiber layer was solved using the heat-press lamination process. Using this 
method, nanofiber webs were transported and adhered to a different surface without any damage [15]. A PVDF nanofibrous 
membrane was used for the separation of oil/water emulsions. PVDF is commonly used in membrane technology due to its 
outstanding mechanical, chemical, thermal, and oxidation resistance properties [16]. PVDF is an oleophilic/hydrophobic 
membrane due to its low surface energy (25 dynes·cm−1) [16,17]. The aim of this work was to prepare self-cleaning PVDF 
nanofibrous hybrid membranes for the separation of oily wastewater. 
For this reason, various nanofiber layers were used for the separation of oil–water emulsions. Firstly, performance of 
the membranes was measured and compared. Secondly, selected membranes were carried to the surface modification 
process. Finally, the self-cleaning membrane was prepared for the separation of oil–water emulsions. 
1. Materials and Methods 
 
1.1. Membrane Preparation 
PVDF nanofibers were obtained from Nanocenter (Laboratory of nanomaterial application, Technical University of 
Liberec, Liberec, Czech Republic). Nanofiber layers had densities of 1,  2,  and 3 g/m2. To increase mechanical strength, a 
100-g/m2 polyethylene terephthalate nonwoven (Mogul Nonwovens, Gaziantep, Turkey) was used as a supporter. A co-
polyester adhesive was  used to bind nanofibers to the nonwoven surface. The heat-press method was applied as explained 
previously [8,13,15]. The highest-density nanofiber web was taken for further surface modification. Sample abbreviations are 
given in Table 1. 
 










1.2. Surface Modification 
148.5 ± 45.6 
3 - PVDF 3 134.2 
± 37.2 
3 NaOH PVDF_N 164.9 ± 40.3 
1 NaOH + TiO2 PVDF_NT 248.2 ± 47.8 
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The first step in the surface modification was done by dehydrofluorination of the PVDF membrane using alkaline 








(NaOH, Penta s.r.o., Prague, Czech Republic) and potassium hydroxide (KOH, Penta s.r.o., Prague, 
Czech Republic). 
The reaction of the alkaline solution with PVDF is given as follows [18]: 
 
-(CH2-CF2)- + xOH → -(CH=CF)- + xF + H2O, 
 
where x is Na or K. 
After the lamination process, one of the membranes was immersed into 72 g of NaOH 
solution in 30 mL of distilled water (DI) for 48 h, while the other membrane was immersed into 2 g 
of KOH solution in 20 mL of isopropyl alcohol (IPA, Penta s.r.o., Prague, Czech Republic) for 1 h. 
Subsequently, the membranes were taken from the alkaline solutions, washed several times 
with DI, and immersed into 0.5 g of titanium dioxide (TiO2, 20 nm, Sigma-Aldrich spol. s.r.o, 
Prague, Czech Republic)/40 mL of DI mixture and kept for 24 h. 
Immediately after TiO2 treatment, the membranes were taken and washed several times using 
DI water via the immersion method and one-minute cleaning with the ultrasonic cleaner to 
remove excessive TiO2 on the surface of the membrane. 
Hydroxyl groups play an important role in the reaction chemistry of metal-oxide surfaces   
such as TiO2. The reaction of the alkaline solution with PVDF and the interaction between the 
dehydrofluorinated PVDF and TiO2 are shown in Figure 1. 
 
Figure 1. Surface modification of the polyvinylidene fluoride (PVDF) membrane. 
 
The interaction between dehydrofluorinated PVDF and TiO2 was studied in the literature [4,19,20]. 
1.1. Characterization 
Surface morphology of the membranes was characterized using scanning electron microscopy 
(SEM, Vega 3SB, Brno, Czech Republic). The samples were mounted on a stub of metal with 
adhesive (double-sided adhesive), coated with 7 nm of gold, and then observed in the microscope 
under various magnifications at various places (accelerating voltage = 30 kV; beam intensity = 7). 
Fiber diameter was analyzed using the free online Image-J program. From each sample, at least 50 
fibers were measured. Average, maximum, and minimum pore sizes of the membranes were 
measured using a custom-made porometer and the principle of bubble point measurement, as 
explained in the literature [15]. The bubble point test is used to determine the size of the pores of 
the porous  material. In the bubble point test, sufficient gas pressure is applied to overcome the 
capillary forces of the wetted membrane pores to determine largest pore size. In this method, it is 
necessary to control the pressure needed to pass a liquid through the tested porous material and 
for wetting the sample. The size of the average and minimum pores can also be determined by 
increasing the air pressure and measuring its flow through the sample. In these circumstances, it is 
necessary to compare the pressure curve of the wet sample with the pressure curve of the dry 
sample. The flow rate increases when the pressure increases in the dry sample. On the other hand, 
in the wet sample, at the beginning, there is no flow because all the pores are filled with the liquid. 
At a certain pressure, the gas empties the largest pore, and gas begins to flow through the wet sample. 
The intersection between the calculated half-dry and the wet sample gives the mean flow pore size. 
When all the pores are emptied, an intersection between the wet and dry curve will be observed. 
This means that the relationship between the applied pressure and the detected flow becomes linear, 







the detected minimum pore size. In this work, ethylene glycol (surface tension 47.3 mN·m−1) was 
used to wet the samples. Both wet and dry measurement were taken to determine maximum, 
minimum, and mean pore size. At least three measurements were taken. 
Air permeability of the membranes was tested using an SDL ATLAS Air Permeability Tester 
(Rock Hill ATLAS Air Permeability Tester (at 200 Pa and 20 cm2, Rock Hill, SC, USA). The air 
permeability test was used for determination of the air permeability of the flat membrane. A 
specimen was clamped over the test head opening by pressing down the clamping arm, which 
started the vacuum pump. Measurements were performed by application of 200 Pa of air pressure 
per 20 cm2 of fabric surface. At least three measurements were taken at various places on the 
membrane. Results were expressed as 
L·m−2·s−1. 
Bursting pressure of the membranes was tested, and the maximum delamination pressure 
was recorded using a custom-made device. The membrane (47 mm in diameter) was placed 
between two rings, and pressurized water was applied from one side until the nanofiber layer 
delaminated from the supporting layer. The hydrostatic pressure was measured using a pressure 
controller, which was placed in front of the membrane and connected to a computer. The hydrostatic 
pressure was increased gradually, and, as soon as the nanofiber layer burst, the pressure value on 
the screen decreased sharply. The maximum pressure value was recorded as the 
bursting/delamination strength of the membrane [15]. 
A  Krüss  Drop  Shape  Analyzer  DS4  (Krüss  GmbH,  Hamburg,  Germany)  was  used  for  
the measurement of water contact angle using distilled  water  (surface  tension  72.0  mN·m−1).  
Five measurements from each membrane were taken. 
The hydroxyl groups on the PVDF nanofiber were observed using Fourier-transform infrared 
spectroscopy (FTIR, Nicolet iZ10 by Thermo Scientific, Prague, Czech Republic). 
1.1. Emulsion Preparation 
A 50 vol.%/50 vol.% oil/water emulsion was prepared. Water-soluble/oil-insoluble food 
colorant was used to detect permeate after separation. Nonionic Triton X-100 (Sigma-Aldrich spol. 
s.r.o, Prague, Czech Republic) was used as a surfactant for preparation of the emulsion. Generally, 
oil–water emulsions are prepared using nonionic surfactants [21]. The preparation method was as 
follows: 
−→ A few drops of pink color food colorant were mixed with 100 g of distilled water. 
−→ Then, 2 g of surfactant was added to the water and mixed with a magnetic stirrer for 10 min. 
−→ Next, 100 g of sunflower oil was added to the water/surfactant mixture. 
−→ Finally, the solution was mixed with a magnetic stirrer at 500 rpm for 24 h. 
A digital microscope (Levenhuk Digital Microscope, Prague, Czech Republic) was used for the 
determination of oil droplet size (Figure 2). The emulsion was kept for one week without any 
stirring. Droplet size was then measured. There was no change in the size of the droplets. Average 
drop size was found to be 1.05 ± 0.34 µm. 
 







1.1. Filtration Test 
An Amicon (50 mL stirred cell, Millipore Corporation, Billerica, MA, USA) dead-end filtration 
unit was used for the separation test. The flux and the permeability of the samples were calculated 
according to Equations (1) and (2). 
F=G/At (1) 
P= F/T (2) 
where F is the flux (L·m−2·h−1), A is the area of the membrane (m2), G is the amount of permeate 
(L), t is the time of the filtration process, T is the transmembrane pressure, and P is the permeability 
of the membrane (L·m−2·h−1·bar−1). 
Selectivity of the membranes was observed according to permeate color, and the microscope 
was used to detect any oil droplets in the permeate. The separation test for one membrane was 
done a number of times. In the first step, only 15 mL of distilled water was used as feed; in the 
second step, 15 mL of emulsion was used. This process was repeated at least three times to observe 
membrane fouling or self-cleaning. 
2. Results and Discussion 
 
2.1. Characterization of the Membranes 
SEM images of the samples were taken after lamination and the surface modification process 
(Figures 3 and 4). 
 
Figure 3. SEM images of (a) PVDF 1, (b) PVDF 2, and (c) PVDF 3 after lamination. 
 
It was observed that the fiber diameter did not change with increasing nanofiber web density 
(Figure 3, Table 1). Since spinning conditions remained the same, only the backing paper speed was 
changed to get various nanofiber web densities, which did not influence fiber diameter. On the 
other hand, treatment of the PVDF nanofiber with an alkaline solution yielded a slight increase in 
fiber diameter because of swelling of the fibers (Figure 4a,c). Figure 4b,d show that TiO2 
nanoparticles distributed very well on the surface of the nanofiber without any aggregation, 
showing that a regular dehydrofluorination took place. Hydrophilic OH groups on the membrane 
attached to the TiO2  nanoparticles. The fibers became thicker after the TiO2 nanoparticle 
attachment on the surface. 
The FTIR spectra were collected in order to investigate the chemical structure of the PVDF 
nanofibrous webs. These are shown in Figure 5. The stretching bands at 1173 cm−1 and 876 cm−1 
were attributed to the –CF2  and C–F groups of PVDF. The spectra confirmed the presence of –OH 
groups 
after surface modification, with absorption bands at 1600 cm−1 representing –OH group 
deformation vibrations.  The very broad and less intense peak between 2500 cm−1  and 3500 
cm−1  was due to O–H functionalities. It may be concluded that the bonded –OH groups played a 







Figure 4. SEM images of (a) PVDF_N, (b) PVDF_NT, (c) PVDF_K, and (d) PVDF_KT. 
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Figure 5. Fourier-transform infrared (FTIR) image of the PVDF membranes. 
 
Pore size of the samples before modification was measured and is shown in Table 2. 
Membrane pore size for the modified samples was not measured. Once the samples were 
modified, they were kept wet in distilled water as recommended. It was found that drying of the 
modified and wetted 
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membrane could cause possible membrane cracks and damage. Unfortunately, pore size measurement was done 
only for the dry samples. Increased nanofiber web density caused a decrease in the average pore size due to the 
compact structure. The role of pore size in the separation process was significant. Tight pore size increased the 
selectivity of the membranes. 
 
Table 2. Maximum and average pore size of the membranes. 
 
Sample Maximum Pore Size (µm) Average Pore Size (µm) 
 
PVDF 1 4.54 ± 0.14 2.50 ± 0.29 
PVDF 2 4.20 ± 0.00 1.15 ± 0.08 
PVDF 3 4.23 ± 0.05 0.72 ± 0.04 
 
Air permeability of the membranes was measured after the lamination process. The main aim of this step 
was to observe whether the adhesive blocked the pore size of the nanofibers during lamination. The bursting 
pressure test is another method of determining the quality of the lamination process. Using this test, the 
strength of the lamination was measured. Figure 6 shows the relationship among density of the nanofiber 
layer, air permeability, and bursting pressure. 



















































Figure 6. Bursting pressure and air permeability of the membrane according to nanofiber web density. 
 
There was an inverse proportional relationship between the density of the nanofiber web and air 
permeability. Lower density meant fewer fiber bundles on the web, which resulted in a more open structure. 
On the contrary, higher density meant more fiber bundles, which resulted in a compact structure. Bursting 
pressure results indicated that, at the lowest density (1 g/m2), adhesion of the nanofibers to the support was 
not as strong as that at the higher nanofiber web density. The reason could have been the low mechanical 
strength and high abrasion resistance of the low-density nanofiber fiber web. As soon as the fiber density 
increased from 1 to 2 g/m2, bursting pressure improved by 80%. Further improvements did not change fiber 
density significantly. Based on previous work [8,13], the minimum required bursting pressures for the PVDF 
and polyacrylonitrile (PAN) nanofiber membranes were determined to be 175 kPa and 195 kPa, respectively. 
When density exceeded 1 g/m2, nanofibers showed a bursting pressure >175 kPa. It can be suggested that the 
minimum required nanofiber web density is 2 g/m2 for the preparation of membranes. Since the membrane 
with 3 g/m2 showed excellent bursting pressure, and the possibility of modification of more fibers on the 









Water contact angle (CA) of the membranes was measured. Membrane behavior under 
emulsion changed due to additives such as surfactant. The CA of the membranes was measured 
after oil separation. Results are given in Table 3. 
 
Table 3. Water contact angle (CA) of the membranes before and after separation. 
 
Sample CA before Separation (◦) CA after Separation (◦) Image (Before Separation) 
 




PVDF 2 80.83 ± 1.53 47.46 ± 1.93 
 
 
PVDF 3 89.40 ± 4.67 35.32 ± 8.71 
 
PVDF_N 0 0 - 
PVDF_NT 39.43 ± 3.01 0 
 
PVDF_K 0 0 - 
PVDF_KT 0 0 - 
 
The CA of the neat membranes without any modification had a contact angle <90◦, which can 
be considered “hydrophilic”. Typically, PVDF nanofibers have a hydrophobic nature. After 
lamination, the surface structure of the PVDF membranes most likely changed. Moreover, the 
adhesive web between the nanofiber and the supporting layer played a significant role. The 
adhesive web partly covered the surface of the nanofibers, which may have exhibited hydrophilic 
characteristics. 
Results of the CA showed that increasing the density of the nanofiber web decreased the 
wettability of the samples. There was a proportional relationship between nanofiber web density 
and CA. 
Research results indicated that increasing the hydrophilicity of the membrane prevented 
membrane fouling and improved membrane permeability [4,16,22]. 
1.1. Separation Test 
A separation test was run using dead-end cell separation, and the permeability of the 
unmodified membranes was calculated according to Equation (2). Results are given in Figure 7, 
which compares unmodified membranes at various densities. Each membrane was used and 
circulated three times to measure fouling. Between each circulation, distilled water was filtrated. 
Results indicated that, at the beginning, PVDF 2 showed enormous permeability compared to the 
others. The lowest permeability was achieved using PVDF 3 at the first circulation. However, 
membranes PVDF 1 and PVDF 2 showed a sharp decrease in permeability with the second 
circulation; the reason for this was membrane fouling. The membrane with the highest nanofiber 
density (PVDF 3) showed a stable permeability after three circulations; this could have been due to 
the high specific surface area of PVDF 3. A higher density meant more nanofiber web was on the 
structure, resulting in a bigger surface area in total. On the contrary, Hobbs et al. [23] found that 
there is a proportional relationship between flux decline ratio and membrane surface area. A higher 
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Figure 7. Permeability of the unmodified membranes. 
Figure 8 shows the results of the modified membranes. Surface modification helped improve membrane 
surface cleaning. For long-term application, surface-modified membranes should be an excellent candidate for 
use in the separation process. Life span and performance of the membranes were improved using surface 
modification.   Moreover,  the added TiO2 acted as an antibacterial  on the membranes. The TiO2 nanoparticles 
were activated under ultraviolet (UV) light during separation, which might have enhanced the performance, 
self-cleaning, and antibacterial properties of the membranes [24]. Montazer et al. [25] modified the surface of 


















1 2 3 
Number of circulation 
Figure 8. Permeability of the modified membranes. 
Moreover, the antibacterial efficacy of the material against Escherichia coli was found to be 100%. In 
another study, it was reported that a polydimethylsiloxane (PDMS)/TiO2 composite provided excellent 
photocatalytic properties and developed self-cleaning properties [26]. Xu et al. [27] prepared TiO2–high-density 
polyethylene (HDPE) nanocomposite surfaces that exhibited superhydrophobicity. Exposure to UV light caused 
the surface of the composite to become hydrophilic. As a result, wettability and self-cleaning properties of the 
nanocomposite increased. More examples appeared  in the literature. The effectiveness of TiO2 nanoparticles 
on wettability and self-cleaning properties is indisputable. 
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The surface of the membranes after oil separation was detected using SEM images, as shown in Figure 9. We could 
understand from the SEM images that membranes with high permeability and surface cleaning attracted less oil. For instance, the 
permeability of the PVDF 3 decreased consistently in each circulation. PVDF_N was blocked after the first circulation. These two 
membranes showed, in the SEM images (Figure 9a,b), that an oily film covered the surface of the membranes. For the membranes 
PVDF_N and PVDF_NT, there was less oil contamination on the membrane surface. Based on this result, it can be concluded that 
surface modification improved membrane permeability and self-cleaning performance. 
 
 
Figure 9. SEM images of the samples after oil separation: (a) PVDF 3, (b) PVDF_N, (c) PVDF_NT, 
(d) PVDF_K, (e) PVDF_KT. 
 
Permeate solution was collected and checked under the microscope to detect any oil droplets. Moreover, coloring the water 
helped to detect oil content in the mixture. Unmodified membranes showed hydrophobic/oleophilic characteristics, while modified 
membranes were hydrophilic/oleophobic. 
1. Conclusions 
PVDF is one of the most frequently used polymers in the membrane filtration market due to its outstanding properties, such 
as chemical resistance, thermal stability, and high mechanical strength. Despite the superior properties of PVDF membranes, there 
is still plenty of room for improvement in membrane performance and life span. In this work, PVDF nanofibrous hybrid 
membranes were prepared for the separation of the oil–water emulsions. A two-step surface modification took place using 
alkaline solution and TiO2 nanoparticle grafting. Water permeability of the membranes increased due to –OH groups and 
hydrophilic TiO2 nanoparticles (NPs) on the membrane surface. 
Moreover, membranes showed self-cleaning properties after the modification process. Photocatalytic activity can be 
improved through UV induction on the TiO2-modified membranes. We believe that this method can be used in the separation of 
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The relatively new exploitation of nanoassemblies used for the recovery of clean water from oily emulsions has 
received a great deal of attention recently. Among the different innovations, nanofibrous membranes decorated 
with nanoparticles seem to be the most promising option due to their versatility, recyclability, and high oil/ 
water separation performance. In the current study, we introduce a laser-mediated strategy to produce poly- 
vinylidene fluoride nanofibrous membranes decorated with a low loading of Ag nanoparticles. The pristine 
membranes were firstly modified by an alkaline treatment to obtain hydroxyl groups on their surface, which 
then facilitated the nanoparticle decoration. The synthesis and decoration of the nanoparticles were achieved by 
the laser-mediated reduction of silver nitrate dissolved in water, while no hazardous reducing or stabilizing 
agents were employed in the process. In comparison with the unmodified membrane, the modified one displayed 
an outstanding hydrophilic behavior and a remarkable 3.9-fold improvement in the separation of water from oily 
emulsions with a nearly negligible permeability decline through the time. In sum, the introduced methodology 
not only enables the improvement over the oil/water separation performance in polymer-based membranes but 
also promises to reduce the environmental impact related to the design of nanotechnology-based solutions used 





Over the last two centuries, the improper management of water has 
led to severe environmental issues. One of the most frequent is the oil 
wastewater contamination, which can be associated with health pro- 
blems resulting from exposure to its toxic compounds [1]. The greatest 
challenge behind the treatment of oily polluted water lies in the com- 
plexity of removing tight emulsions or hydrate formations. The various 
solutions that the scientific community is currently exploring en- 
compass the following alternatives: flotation, gravity separation, ad- 
sorption, electrocoagulation, flocculation, coagulation, and membrane 
filtration [2]. Among the different options, a combination of membrane 
filtration and contemporary nanotechnology advances appears to be 
one of the most promising. In addition to the inherent benefits of the 
membranes, such as their easiness of operation and smaller carbon 
footprint compared to other systems, the incorporation of nanomater- 
ials like nanofibers provides a low flow resistance, bio-compatibility, 
and high porosity; properties that significantly improve the oil/water 
separation efficiency [3]. 
However, the technology still faces a major challenge; during the 
separation process, foulants such as colloids, microorganisms, organic 
matter, suspended solids, emulsified oils or macromolecules, accumu- 
late on the membrane surface and block the membrane pores, resulting 
in an increase in the membrane mass transfer resistance and decrease in 
permeate flux [4]. To alleviate such drawbacks, chemical/mechanical 
cleaning, adjustment of operating conditions, pre-treatment of the feed 
water, and membrane surface modification have been tested [5], the 
latter being a solution with virtually unlimited alternatives. In this 
context, one of the most exciting forms of surface modification is the 
incorporation of metal and semiconductor nanoparticles (NPs) on the 
surface of nanofibrous membranes, which largely improves the long- 
term membrane permeability and antifouling properties [6], or provide 
them with additional purification features like the photocatalytic de- 
gradation of dissolved pollutants in the water [7]. In particular, the use 
of Ag NPs has been intensively explored due to its antibacterial per- 
formance, which prevents the biofouling of the membranes caused by 
settlement and growth of microorganisms, and its ability to turn hy- 
drophobic surfaces into hydrophilic, which results in the increment of 
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Fig. 1. Schematic diagram of the dehydrofluorination process. 
 
the water flux, rejection of hydrophobic foulants like oil pollutants, and 
overall antifouling performance [8]. However, similar to the buildup 
case of most of the nanometric systems, their most common synthetic 
routes are associated with the use of hazardous reducing and stabilizing 
agents, which inevitably contributes to environmental pollution [9]. 
In the current work, we addressed this issue by exploring for the 
first time the employment of a laser-mediated synthesis strategy to 
generate ligand-free Ag NPs and decorate the surface of Polyvinylidene 
fluoride (PVDF) nanofibrous membranes in a single stage to improve 
their oil/water separation properties, while the usage of reducing or 
stabilizing agents was suppressed during the process. 
The NPs synthesis strategy known as pulsed laser photoreduction/ 
oxidation in liquids (LPL) is a technique driven by an extreme light- 
matter interaction; a pulsed laser source is used to promote the optical 
breakdown of a liquid that contains precursor metal salts. The extreme 
peak intensities required to reach the optical breakdown in various li- 
quids (>10
10 W/cm2) [10], usually lead to the photolysis of the solvent 
molecules and the formation of radicals, which prompt the reduction of 
the precursor metal salts. Subsequently, the reduced salts form the final 
NPs [11], which, if are in the vicinity of a nanofibrous material, can be 
physically adsorbed to its surface. As the process does not require the 
use of any stabilization agent, the surface of the decorating NPs remains 
free from any ligand; a highly desirable situation since the covering of 
NPs by ligands may result in the suppression of their physical and 
chemical properties or to crossed chemical effects [12]. 
Overall, the goal of the current work was to introduce in the oil/ 
water separation literature, the use of a NPs laser-mediated synthesis 
strategy to improve the separation performance of nanofibrous mem- 
branes. Although the versatility of the proposed synthesis strategy has 
brought plenty of benefits to the eco-friendly design of complex nano- 
metric systems, to our knowledge, it has never been applied in the 
fabrication of potent oil/water separation materials, where the pre- 
ferred use of light over the commonly employed reducing chemical 
agents, may have not only a positive impact on the reduction of che- 
mical waste generation but also the ligand-free surface of the laser- 
synthesized NPs may be of more significant benefit in terms of atom 
economy. Thus, the recovery of clean water from oily polluted sources 
is not overshadowed by the commonly employed polluting synthetic 
strategies behind the development of the materials used in the sector. 
 
1. Experimental 
1.1. Membrane preparation 
PVDF nanofibers were prepared on a needleless electrospinning 
system (Nanospider NS 8S1600U, Elmarco, Liberec, Czech Republic). 
The nanofiber webs (density of 3.5 g/m2) were collected on a silicon 
paper, and further laminated to improve their mechanical strength by a 
heat-press equipment (Pracovni Stroje, Teplice, Czech Republic). For 
the hybrid membrane, a copolyester adhesive was used to adhere the 
nanofiber web to a polyethylene terephthalate spunbond nonwoven 
(100 g/m2, Mogul Co. Ltd., Gaziantep, Turkey) under a thermal treat- 
ment of 130 C and a pressing force of 50 kN [13]. 
 
1.2. Surface modification 
Even though PVDF is one of the most popular polymers used for 
building nanofibrous membranes, it is still a non-reactive material that 
may not allow the adsorption of NPs over its surface. To permit the NPs 
decoration, it was necessary to add hydroxyl groups over the surface of 
the nanofibers. For this, a 1.4 M solution of potassium hydroxide (KOH, 
Fluka, Czech Republic) in isopropanol (IPA, Fluka, Czech Republic) was 
prepared by magnetically stirring for 1 h at a temperature of 50 C.  
After the KOH was fully dissolved in the IPA, the solution was cooled at 
room temperature and stored for further use. 
The dehydrofluorination of the PVDF membrane was performed by 
immersing the membrane in the alkaline solution and leaving it to react 
for 30 min at room temperature. Subsequently, the membrane’s color 
changed from white to brown as it is graphically depicted in Fig. 1. 
Finally, the membrane was washed several times with deionized water 
(18.2 M cm) and further stored in clean deionized water. 
 
1.3. Laser-mediated  synthesis and  decoration of Ag NPs 
The Ag NPs synthesis and decoration of the membrane’s surface 
took place at the same time. The synthesis setup was based on the one 
previously reported by our research team for the formation of Fe-Cu 
oxide nanocrystals [14]. In short, as it is graphically represented in   
Fig. 2, a laser beam was focused by a plano-convex lens in a glass vessel 
containing 5 mM liquid solution of silver nitrate (AgNO3, Sigma–Al- 
drich, USA) in deionized water, and continuously mixed by a magnetic 
stirrer, where the concentration was selected according to previous 
reports [15]. During the process, a PVDF dehydrofluorinated membrane 
(PVDF-OH) was situated on the walls of the glass vessel, so the newly 
synthesized Ag NPs could be physically adsorbed onto the membrane’s 
surface. 
The laser source used for the experiments was a Nd:YLF (Litron 
Lasers; LDY300 PIV Series diode-pumped, dual cavity), delivering 
pulses with a duration of 150 nm full width at half maximum (FWHM)  
at a central wavelength of 527 nm, a repetition rate of 1 kHz each 
cavity, and a beam diameter of 5 mm at a width of 1/e2. The average 
power used was 11 W, and the lens focal length was 35 mm. Therefore, 
the peak intensity used to irradiate the liquid solution was   71010 W/ 











Fig. 2. Setup used for the laser-mediated synthesis and decoration of Ag NPs. 
 
 
optical breakdown in water that consequently leads to the creation of 
radicals that allow the reduction of the metal ions [10]. Once the NPs 
are synthesized, the magnetic stirrer permits their movement through 
the liquid medium taking them away from the laser focal point and 
approaching them to the membrane, where they are physically ad- 
sorbed through the OH- groups [16]. Note that the synthesis process 
was optimized to irradiate for 5 min every mL of the corresponding 
liquid solution; therefore, it may take a longer time the usage of larger 
liquid volumes. Besides, it is worth mentioning that the employment of 
a ns pulsed laser source with the laser parameters used in the current 
experiment, but with a shorter pulse duration than 150 nm, should lead 
to a more efficient reduction of metal ions since the peak intensity can 
be incremented. 
Once the synthesis process finished, the magnetic stirrer kept 
working for another 2 h to increment the chances of fully decorating the 
whole of the membrane’s surface. Afterward, the membrane decorated 
with the Ag NPs (Ag/PVDF-OH) was rinsed several times with deio- 
nized water to remove the Ag NPs that were not properly attached to 
the membrane. After, the used water was appropriately laid-off. 
1.1. Membrane characterization 
The OH- functionalization of the PVDF nanofibers was verified by 
Fourier transform infrared spectroscopy (FT-IR, NICOLET IZ10, Thermo 
Scientific, USA) performed in the dried samples. The corresponding 
spectra were taken at a wavenumber range of 4000–500 cm−1 with a 
resolution of 2 cm−1. The surface roughness of the samples before and 
after the dehydrofluorination process was measured employing Atomic 
Force Microscopy (AFM, JPK nanowizard III, Bruker Corporation, USA). 
The scannings were always performed on a surface area of 10 × 10 µm 
using contact mode with a cantilever NANOSENSORSTM PPP- 
CONTSCR. 
The membrane’s morphology was examined by field emission 
scanning electron microscopy (FE-SEM, UHR Carl Zeiss Ultra Plus, 
Jena, Germany). The instrument was operated at various accelerating 
voltages (EHT; 2–10 kV) and working distances (WD; 7.4–7.9 mm). The 
topography examination was performed by analyzing the secondary 
electrons (SEs), and the observation of the Ag NPs was assessed by 
analyzing the backscattered electrons (BSEs). Also, the elemental 
composition was verified with an energy-dispersive X-ray detector 
(EDX, Oxford X-Max 20, UK), which was attached to the FE-SEM and 
the corresponding quantification was performed using the software 
AZtec 2.4. The amount of Ag mass loading in the membrane’s surface 
was roughly calculated by inspecting the FE-SEM micrographs, and 
their stability was assessed by the measurement of the Ag content in the 
resulting water after the separation tests through an inductively cou- 
pled plasma - mass spectrometer (ICP-MS; Perkin Elmer, NexION 
Fig. 3. Scheme of the dead-end filtration device. 
 
 
3000D, USA), which has a detection limit of 0.5 ng/L. 
The pore size of the membranes was determined by the bubble point 
method using a Porometer 3G through a pore size analyzer 
(Quantachrome Instruments, Anton Paar GmbH, Germany). The tests 
were performed according to the ASTM F316-03(2011) standard. 
Finally, the water contact angle in air and underwater oil contact angle 
of the samples was determined using a Krüss Drop Shape Analyser DS4 
(Krüss GmbH, Hamburg, Germany). For the water contact angle in air, 
the droplets consisted of deionized water (surface tension 72.0 mN/m, 
deionized by Aqual 27, Czech Republic), and the measurements were 
taken at six different points on the clean and dry samples at room 
temperature. For the underwater oil contact angle measurements, the 
droplets consisted of vegetable oil (Lukana sunflower oil, Czech 
Republic), and the measurements were taken by fixing the membranes 
at an altitude of 1 cm from the bottom of a water reservoir, which was 
covered with deionized water to a maximum height of 4 cm. The oil 
droplets were released from the bottom of the water reservoir so they 
could float and interact with the membrane’s surface. 
1.2. Separation test 
A 50 mL Amicon dead-end filtration device (Millipore Corporation 
Billerica, MA, USA) was used for the filtration tests (Fig. 3). The feed 
solution for the filtration test was prepared by mixing a green-colored 
(Kovandvi, Czech Republic) distilled water with vegetable oil (Lukana 
sunflower oil, Czech Republic) in a 1:1 weight ratio and 0.1% wt. of the 
non-ionic Triton X100 surfactant (Sigma–Aldrich, USA) for making the 
emulsion. The feed was mixed by a magnetic stirrer (500 rpm) at room 
temperature for 5 h until a uniform emulsion was obtained. The sta- 
bility of the emulsion was assessed by measuring the diameter of the oil 
droplets with an optical microscope (Levenhuk Digital Microscope, 
Czech Republic), just after the emulsion preparation and after two 
weeks while the emulsion kept stored at room temperature (Fig. S1 in 
the Supporting Material). The average diameter of the oil droplets in 
the recently prepared  emulsion was (0.8 ±  0.2) µm, and the  average 
size after two weeks was (1.1 ± 0.3) µm, which means that the ag- 
glomeration of oil droplets in the emulsion was minimal, and therefore 
the emulsion kept stable for two weeks, making it suitable for its usage 
in the separation tests. 
The filtration tests consisted of 10 runs. For this, each membrane 
filtered a volume of 15 mL of distilled water before the runs. Later, the 
protocol for the runs was the following: filtration of 30 mL of the oil/ 
water emulsion under a pressure condition of 0.02 bar, and in between 
each run the membrane was roughly cleaned by the filtration of 15 mL 
of distilled water. After the separation tests, the permeate solution was 
collected into a closed glass tube and kept for 24 h to analyze the re- 
sidual water and oil under the optical microscope. Moreover, the 
amount of oil in the feed and permeate was determined by the Non- 
Purgeable Organic Carbon (NPOC) measurements by means of a total 







The permeate flux (F) and the permeability (k) of the membrane 
were calculated as follows: 
L) the carbon concentration in the final permeate liquid after completing 
the separation cycles. After the 5th run for PVDF and after the 10th run 
for PVDF-OH and Ag/PVDF-OH. Note that the NPOC analytical metho- 
𝐹 =
𝑉/(𝐴. 𝑡)
(1) dology measures the amount of carbon in the samples, therefore, as the 
feed was an emulsion composed by green-colored distilled water, vege- 
table oil, and the non-ionic Triton X100 surfactant, the Ci and Cf values 
𝑘 = 𝐹/𝑝 (2) 
where A is the effective membrane area (m
2
), V is the total volume of 
permeate (L), p is the trans-membrane pressure (bar), and t is the fil- 
tration time (h). The decline of the membrane’s permeability was de- 
termined from the differences between the permeability before (ki) and 
after fouling (kf ) [17]: 
ki kf  
 
not only reflect the amount of oil in the feed and permeate, respectively, 
but also the carbon coming from the colorant and the surfactant. 
1. Results and discussion 
1.1. Membrane characterization 
PVDF is a dielectric polymer that displays a high thermal and che- 
mical stability, conventionally attributed to the strong bonding CeF 




(485 kJ mol−1) and an electronic shielding on the CeC bonds [18], 
which makes the polymer chemically inert and in general unable to be 
The flux recovery ratio (FRR (%)) was calculated according to: functionalized. However, as it has been extensively reported, when the 
polymer is exposed to a highly alkaline environment, as in the case of 
FRR (%) =  (Jf/Ji)×100 the current study (KOH/IPA), it is possible to promote its dehydro-
 (4) 
where Ji represents the pure water flux that can be filtrated by the clean 
fluorination via the following process: 
[  CH2 CF2 ]n + KOH [ CH = CF 
 
]n + KF + H2 O 
 
(6) 
membranes, and Jf represents the pure water flux that can be filtrated 
by the membranes after undergoing the final oil/water separation run. 
For PVDF, the measurement was taken after the 5th run because the 
membrane got fouled entirely after the 5th run. For PVDF-OH and Ag/ 
PVDF-OH, the measurements were taken after the 10th run. 
Finally, the rejection ratio (R (%)) was calculated according to: 
As proposed by Ross et al. [19], an elimination reaction occurs, 
where the elements H and F remove from the polymer chain and a 
eC]Ce  double  bond  is  generated.  Moreover,  when  the  modified 
polymer chain is in contact with a hydroxide rich solution, it can ex- 






































In short, in the highly alkaline environment, the PVDF can undergo 
oxidative degradation, which leads to the presence of the hydroxyl 
groups on the material’s surface [20]. 
where Ci (g/L) represents the carbon concentration in the feed and Cf (g/ 
As seen in Fig. 4 a), the FTIR spectra of both nanofibrous mem- 








Fig. 4. FTIR spectra of pristine PVDF and PVDF-OH membranes, a) in the wavenumber range 500–4000 cm−1, where the vertical dashed 
lines highlight the general differences between both spectra, b) in the wavenumber range 500–1300 cm−1, where the vertical black dashed 
lines belong to peaks of the phase of PVDF, and the vertical red dashed lines belong to peaks of the phase of PVDF. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
 
the typical band at 1170 cm−1 associated to the stretching vibrations of 
CF2 in the PVDF [20], and only the non-treated membrane clearly 
shows the peaks located at 2923, 2853 cm−1 usually associated to the 
stretching vibrations of CH2. Besides, in both spectra displayed in Fig. 4 
b), it is possible to identify the peaks located at 1279 and 840 cm−1, 
that belong to the phase of PVDF, but those belonging to the phase 
of PVDF (976, 795, 766, and 614 cm−1) are only observed in the non- 
treated membrane [21]. Moreover, the spectrum that belongs to the 
material after the alkaline treatment (PVDF-OH) exhibits two new 
peaks, a broad one centered at 3350 cm−1 that seems to overshadow 
the peaks corresponding to the CH2  stretching vibrations and the other 
at 1640 cm−1. 
When the PVDF undergoes the current dehydrofluorination process, 
the peak located at 1640 cm−1 is usually associated to the conjugated 
 
Fig. 5. FE-SEM micrographs of a) the neat PVDF membrane (micrograph taken 
at EHT = 2.00 kV and WD = 7.8 mm), b) the PVDF-OH membrane before the 
laser synthesis of Ag NPs (EHT = 2.00 kV and WD = 7.7 mm), c) the mem- 
brane after the Ag NPs synthesis (EHT = 2.50 kV and WD = 7.9 mm) and d) 
the size histogram of the fiber diameter of the neat PVDF membrane, which also 
coincides with the PVDF-OH and Ag/PVDF-OH samples. 
C=C the 3400 to 3200 cm−1 band is usually associated with the 
formation of a hydroxyl group in the material’s surface [22]. Yet, it 
should be noted that even a minimal amount of H2O from the air can 
get adsorbed in the material’s surface resulting in the enhancement 
of the peak’s intensity. In summary, the FTIR results suggest that the 
PVDF nanofi- brous membranes were successfully functionalized 
with OH- groups according to the relevant literature [23]. 
Besides, the alkaline treatment seems to suppress the peaks related 
to the phase of the polymer and emphasize those belonging to its 
phase. Since the phase of the PVDF is more chemically active than the 
one [24], its presence may contribute to the physisorption of the Ag 
NPs over the membrane’s surface, and as Ribeiro et al. [25] suggest, it 
could be worth the optimization in the phase generation towards a 
more efficient Ag NPs attachment. 
The average surface roughness of the membranes was obtained from 
the AFM measurements (Fig. S2 in the Supporting Material), where the 
pristine PVDF and PVDF-OH membranes display a roughness Ra of 
(240.9 ± 45.9) nm and (165.3 ± 1.3) nm, respectively. These results are 
in agreement with the common observation of the surface roughness 
decrease of PVDF-based membranes after being exposed to a KOH so- 
lution [26]. 
The FE-SEM micrographs in Fig. 5 show that there is no clear 
morphological change in the nanofibers before or after the alkaline 
treatment or even after the in situ synthesis of the Ag NPs. The only 
visible change is observed in the Fig. 5 c), exhibiting the appearance of 
small particles anchored to the surface of the nanofibers. In any case, 
the mean size of the nanofibers is (120 ± 25) nm. 
Also, it is worth mentioning that the accelerating voltages and 
working distances were selected in order to observe the material 
without the necessity to use any further metal coating that may hide the 
presence of the Ag NPs when performing the chemical composition 
analysis. 
In this context, Fig. 6 shows the comparison between the back- 
scattered electron (BSE) and secondary electron (SE) micrographs 
(Fig. 6 a) and b), respectively). Both pictures exhibit the presence of the 
NPs, but as the SE signal is rather surface-sensitive, the NPs are more 
visible in the BSE micrograph (Fig. 6 a)), which also confirms that the 








Fig. 6. a) BSE and b) SE micrographs of Ag/PVDF-OH, c) EDX spectrum of the specimen, and d) the size histogram of the Ag NPs 
considering 700 counts. 
 
Conventionally, BSEs that re-emerge after interacting with the 
specimen under study are more strongly back-scattered when inter- 
acting with heavy elements than when interacting with the lighter 
elements. In our situation, this was verified by the EDX spectrum (Fig. 6 
c)), whereby the only elements found in the sample were C, F, Ag and 
Table 1 
Water contact angle measurements in air and underwater oil contact angle 
measurements. Note that since the oil droplet was not sticking to the surface of 
Ag/PVDF-OH by itself, it was necessary to rub the oil droplet to the membrane, 
so it could stay few seconds to take the picture.  
O, where Ag is the heaviest of them. Therefore, it is possible to infer 
that the NPs were made of Ag. Moreover, their distribution over the 
membrane and nanofibers surface is uniform (Fig. S3 in the Supporting 
Material), whereas the average size of the Ag NPs is (35 ± 10) nm. 
Considering that the atomic radius of Ag is 144 pm, and its atomic 
weight is 107.87 g/mol, the approximate Ag weight loading over a 
circular filter with a diameter of (4.45 ± 0.05) cm (dimensions used for 
the filtration tests) should be (8.58 ± 0.43)µg. 




PVDF 86.8 ± 
8.4 






70.4 ± 4.5 
 
101.6 ± 3.0 




The current topographical distribution and size of the NPs is a 
highly desired situation because, as previously reported by different 
sources, the metal NPs improve the hydrophilicity and surface charge of 
the nanofibers resulting in the minimization of the fouling phenomenon 
[27]. 
The stability of Ag/PVDF-OH determined by the ICP-MS measure- 
ment of the water filtrated after various oil/water separation runs 
showed that after the first run the amount of Ag content in the filtrated 
water was only 0.013 mg/L, or ideally 0.19 µg in 15 mL of the filtrated 
water, after the second separation run, the Ag content decreased by one 
order of magnitude, and the subsequent runs kept presenting a de- 
creasing Ag concentration (Table S1 in the Supporting Material). These 
results indicate that the most considerable Ag weight detached out of 
the nanofibers surface, which occurs at the first oil/water separation 
run, was a 2.2%. Therefore, it can be considered that the robustness of 
Ag/PVDF-OH permits the utilization of the material for the oil/water 
separation process without undergoing a significant loss of the Ag 
content. Moreover, according to the World Health Organization [28], 
and the United States Environmental Protection Agency [29], the 
maximum  contamination  level  of  silver  in  drinking  water  is  set   to 
0.1 mg/L, which indicates that the low release of Ag from Ag/PVDF- 
OH, does not represent a risk for the human health. 
Besides, the pore size measurements show that the untreated PVDF 
membrane has an average pore size of 0.34 µm. After the treatment 




with the KOH solution (PVDF-OH), the average pore size slightly de- 
creases to 0.27 µm, as previously reported [26], the pore size reduction 
might occur due to the microstructural shrinkage of the membrane by 
the surface treatment. After the NPs decoration process (Ag/PVDF-OH), 
the average pore size increased to 0.80 µm. The possible reason for this 
phenomenon is that when the laser mediated synthesis of the Ag NPs 
takes place, the optical breakdown of water is promoted, in which a 
resulting plasma is confined in the laser focal point that elevates the 
temperature in the solution [30]. While the process takes place, the 
thermal energy can be transmitted to the membranes and activate the 
movement of the fibers that are not densely packed. To clarify this fact, 
the PVDF-OH membrane was exposed to various temperatures in order 
to monitor the pore size change. The pore size of the membrane 
changed from 0.30, 0.31, 0.34, and 0.68 µm for the temperatures of 20, 
36, 58, and 88 °C, respectively. Therefore, we consider that the com- 
bination of the heat transmitted from the optical breakdown spot while 
synthesizing the Ag NPs and the continuous stirring of the liquid re- 
sulted in the opening of the membrane’s pores. That fact is visible in 






compared to the neat PVDF. 
Finally, the water contact angle tests shown in Table 1 reveal that 
the addition of the hydroxyl groups (PVDF vs. PVDF-OH) does not lead 
to any significant effect on the wettability of the dry samples, when the 
tests are performed in air, which is in accordance with the relevant 
literature. Conventionally, the number of hydroxyl groups on the sur- 
face of the membranes is not the only factor that may lead to a change 
in wettability, e.g., differences in the surface structure may be more 
dominant [31]. Conversely, the Ag/PVDF-OH samples displayed out- 
standing hydrophilicity, which according to the literature, is due to the 
interaction between the Ag NPs and the liquid that gets in contact with 
the membrane (water in this case) [32]. Ideally, if no other oxidant is 
present, the O2 dissolved in the water can promote the oxidation and 
consequent ion release of the Ag NPs through the following reaction. 
These results suggest that the simple addition of the OH- groups to 
the PVDF membrane does not lead to a long-lasting hydrophilic beha- 
vior, whereas the addition of Ag NPs do regardless the membranes are 
stored in a wet or dry form. 
 
1.1. Membrane filtration properties 
1.1.1. Emulsion permeability measurements 
The results of the oil/water separation tests (Fig. 7 a)) show that the 
pristine PVDF membrane became fouled after the fifth run, while the 
PVDF-OH and Ag/PVDF-OH membranes did not become fouled even 
after 10 runs. The water permeability of the neat PVDF membrane in- 
creased 1.8-fold after the dehydrofluorination treatment and 3.9-fold 
after the addition of the Ag NPs; a substantial improvement in the oil/ 
2Ag + 
1 
O2(aq) + 2H+ 2Ag+ 
 
 
+ H2 O(1) (8) 
water separation performance when comparing with the latest mem- 
(s) 2 (aq) (aq) brane modification strategies for similar systems, which go from 2- to 4- 
fold [34,36–38]. 
where Ag(s) refer to the solid Ag [33]. Further, the hydrated Ag
+  can 
get adsorbed onto the surface of the Ag NPs and the nanofibers, im- 
proving the adhesion and spread of the liquid by capillarity. Besides, it 
should be noted that despite the small amount of Ag weight loading, the 
larger hydrophilicity in Ag/PVDF-OH in comparison with the latest 
works in the field [34], can be attributed to the ligand-free nature of the 
Ag NPs produced in the current study. The lack of ligands covering the 
Ag NPs surface maximizes the number of possible elements able to 
undergo the oxidation and, consequently, Ag+  release. 
In addition, before the water contact angle tests, all of the samples 
were kept in a wet form. During this stage, the PVDF-OH and Ag/PVDF- 
OH specimens were immersed into deionized water, while the neat 
PVDF floated on the solvent. Once all of the membranes were dried and 
underwent the water contact angle test, the behaviour of the neat PVDF 
and Ag/PVDF-OH specimens remained hydrophobic and hydrophilic, 
respectively. In contrast, the behaviour of the PVDF-OH sample tran- 
sitioned from hydrophilic to hydrophobic. In order to ratify this, spare 
portions of the samples that kept stored in the wet form (no contact 
with air) were used for underwater oil contact angle measurements, and 
the corresponding results confirmed the consistent behavior of pristine 
PVDF and Ag/PVDF-OH, and the transition for PVDF-OH depending on 
the storing conditions. 
The PVDF-OH change from hydrophilic to hydrophobic might be 
explained by the flip-flop mechanism, which is commonly observed in 
surface functionalities attached to polymer-membranes [35]. After the 
eOH functionalization, the membrane exhibits hydrophilic  behavior 
due to the affinity between the eOH groups on the surface of the fibers 
and the water molecules, but in the case of contact with air, the eOH 
groups may turn from the outside to the inside of the polymer surface 
because the air is hydrophobic. In the case of Ag/PVDF-OH, such a 
process is not viable since the NPs cannot be drawn under the polymer 
surface due to their big size compared to the eOH groups. 
The decline in permeability, which indicates the membrane’s 
fouling, increased continuously for the PVDF membrane, while it re- 
mained constant and almost negligible for the treated membranes 
(Fig. 7 b)). In line with these results, the flux recovery ratio FRR (%) 
after the last oil/water separation run of the samples was 22.4% for 
PVDF, 43.5% for PVDF-OH, and 38.1% for Ag/PVDF-OH. These results 
indicate that the surface modification of PVDF clearly leads to an in- 
crement in its antifouling properties, even when the modified mem- 
branes underwent twice the number of oil/water separation runs than 
the unmodified one. Moreover, the water that was recovered after the 
5th and 10th runs through PVDF, PVDF-OH and Ag/PVDF-OH mem- 
branes, respectively, was free of oil droplets (Fig. S4 in the Supporting 
Material), and the corresponding NPOC measurements revealed that 
the rejection rate R (%) of the membranes was 96.3% for PVDF, 96.1% 
for PVDF-OH, and 96.2% for Ag/PVDF-OH, which allows concluding 
that all the membranes greatly suppress the passage of oil droplets. 
Besides, beyond the scope of the current work, which explores the re- 
duction of chemical-waste production by enforcing the usage of light 
sources to modify membranes, it is essential to keep in mind that the 
water flux and permeability of the membranes depend on the applied 
pressure [39]. Therefore, an increment in the applied pressure (0.02 bar 
in the current work) towards the industrial usage of the material should 
also reflect an increase in the water flux and permeability values. 
As it is extensively reported, the roughness and hydrophobicity of 
the PVDF membrane are two significant factors that lead to its fouling 
and poor recyclability [40]. On the one hand, its rough surface allows 
the allocation of foulants. On the other hand, its hydrophobicity pro- 
motes the adhesion of hydrophobic organics to the membrane’s surface 
resulting in its fouling. In the case of PVDF-OH, when the dehydro- 
fluorination process takes place, the roughness in the surface of the 
nanofibers gets reduced as it is noticed from the AFM results, and the 
membrane becomes hydrophilic when stored in a wet form as the 
 
 
Fig. 7. Graphs showing the a) emulsion permeability and b) decline in 








Fig. 8. Micrographs of the membranes after completing the emulsion run cy- 
cles. 
 
underwater oil contact angle measurements exhibit it. These features 
make the membrane’s surface, less favorable for the attachment of 
foulants leading to the observed increment in FRR (%), and even when 
its pore size is smaller than the untreated membrane, its hydrophilicity 
when stored in the wet form seems to have a dominant impact on the 
water permeability. However, as the water contact angle tests demon- 
strated, both the PVDF-OH and Ag/PVDF-OH membranes show a hy- 
drophilic behavior when they are kept in a wet form, but when the 
membranes are dried, the PVDF-OH membrane becomes hydrophobic, 
which may consequently result in a negative impact on its permeability 
performance. 
Differently, the superior permeability and recyclable performance of 
the Ag/PVDF-OH membrane can be mainly attributed to its larger pore 
size, Ag-induced hydrophilic behavior and resistance to the adhesion of 
oil droplets. On the one hand, larger pore sizes can be translated as 
empty spaces where a liquid can pass through; ergo the water perme- 
ability gets incremented. On the other hand, as it is exhibited in Fig. 8, 
which shows how the membranes look after completing the separation 
tests, the low load of (0.55 ± 0.03) µg/cm2  Ag NPs seem to not only 
increment the water permeability in the membrane but also reduce the 
adhesion of the oil droplets over its surface. As discussed above, when 
Ag NPs get in contact with a liquid medium that contains oxidant ele- 
ments like dissolved O2, the Ag NPs undergo an oxidation process that 
results  in the  release  of Ag+.  As the  liquid  used  in the  oil/water  se- 
paration tests is an emulsion composed of non-ionic oil droplets dis- 
persed in water, it is possible to infer that despite other oxidants could 
be present, at least the O2 dissolved in the emulsion could render the 
oxidation  of  the  Ag  NPs,  and  consequently,  the  Ag+  release  and  ad- 
sorption over the membrane surface, which subsequently should lead to 
the preferential adhesion and spread of water rather than the non-ionic 
oil droplets due to a stronger electrostatic attraction of water (a polar 
solvent) to the membrane’s surface covered by the Ag+  [41], resulting 
in the possibility to re-use the material multiple times without experi- 
encing a great blocking of the membrane pores, i.e., a reduction of the 
water permeability, as it is suggested by the increment in its FRR (%). 
Therefore, the implementation of the current laser-based membrane 
modification methodology, not only contributes to reducing the use of 
chemicals and their consequent leftovers but in the framework of the 
latest advances in the field, also leads to a competitive improvement 
over the membrane’s oil/water separation performance. 
1. Conclusions 
The main reason to conduct the current work was to explore the 
benefits of using light instead of hazardous reducing agents to generate 
NPs that decorate the surface of membranes used for the recovery of 
clean water from oily emulsions. For this, the LPL strategy was em- 
ployed for the first time to synthesize Ag NPs in a medium free from 
reducing or stabilizing agents and decorate the surface of dehydro- 
fluorinated PVDF nanofibrous membranes in a single-stage. The process 
incremented the membrane’s pore size from 0.34 µm to 0.80 µm and 
allowed the uniform and stable incorporation of ligand-free Ag NPs 
with diameter of (35 ± 10) nm over the nanofibers, which rendered an 
outstanding hydrophilicity in the membranes while using an extremely 
low NPs load of (0.55 ± 0.03) µg/cm2. These membrane modifications 
resulted in a 3.9-fold improvement of the oil/water separation perfor- 
mance over the unmodified PVDF membrane, the decline in perme- 
ability remained almost negligible after ten separation runs, and an 
increment in the flux recovery ratio, due to a minimization in the oil 
adherence over the membrane surface. Moreover, the pass of oil dro- 
plets through the membrane stayed suppressed despite the change in 
pore size, and the rejection rate kept > 96 %. 
Overall, the current study revealed that the adoption of the laser- 
mediated membrane surface modification strategy leads to a compar- 
able improvement over the oil/water separation performance to the one 
achieved by the latest polluting-linked and NPs-costly strategies. 
However, the replacement of chemicals by the light could be of para- 
mount interest in the eco-friendly generation of efficient and recyclable 
materials for the oil/water separation sector. 
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The aim of the study was to prepare a thin film nanofibrous composite membrane utilized for nanofiltration technologies. The composite 
membrane consists of a three-layer system including a nonwoven part as the supporting material, a nanofibrous scaffold as the porous surface, and an 
active layer. The nonwoven part and the nanofibrous scaffold were laminated together to improve the mechanical properties of the complete 
membrane. Active layer formations were done successfully via interfacial polymerization. A filtration test was carried out using solutions of 
MgSO4, NaCl, Na2SO4, CaCl2, and real seawater using the dead-end filtration method. The results indicated that the piperazine-based membrane 
exhibited higher rejection of divalent salt ions (>98%) with high 
flux. In addition, the m-phenylenediamine-based membrane exhibited higher rejection of divalent and monovalent salt ions (>98% divalent and 
>96% monovalent) with reasonable flux. The desalination of real seawater results showed that thin film nanofibrous composite membranes were 
able to retain 98% of salt ions from highly saline seawater without showing any fouling. The electrospun nanofibrous materials proved to be an 





Demand for fresh water sources is increasing due to a popu- 
lation explosion in the world. Humans need drinkable water, 
and groundwater resources are decreasing more than ever 
before. Many countries are facing serious problems regarding 
this. Several technological methods such as desalination [1, 2] 
or distillation of seawater [3, 4] have given hope to people in 
areas of water scarcity. Membrane desalination is an effective 
technology that produces fresh water from brackish water or 
seawater using nanofiltration (NF) [5] and reverse osmosis 
(RO) [6] membrane processes. 
Conventional NF and RO membranes consist of a con- 
siderably thick phase-inverted polymeric support layer and 
a relatively thin polyamide (PA) active layer by in situ 
polymerization of an aqueous solution containing di- or 
polyfunctional amine and organic solutions containing di- or 
trifunctional carboxylic acid chloride at their interface [7–12]. 
Recently, an electrospun nanofibrous layer has been prepared 
as an alternative supporting layer to form a thin PA active 
layer using electrospinning methods. In this method, the 
polymer solutions are spun directly onto nonwoven fabrics to 
prepare the nanofibres [13, 14] and a PA active layer is formed 
over the nanofibrous layer. The final structure is called a thin 
film nanofibrous composite (TFNC) membrane. One of the 
greatest advantages of the TFNC membrane is its extremely 
high permeate flux due to its high surface area and direct 
channel structure [15–18]. Besides the high flux performance, 
TFNC membranes have shown excellent rejection in both 
mono- and divalent salt ions, indiscriminately [19]. 
Despite the high salt rejection and permeate flux perfor- 
mance of TFNC membranes, the weak mechanical properties 
of the nanofibrous layer and insufficient adhesion between 







limitations of the nanofiltration process. In the literature 
there are various attempts to overcome the mechanical prob- 
lem of nanofibres [20–22]. Some of the studies have focused 
on increasing interfibre adhesion to improve the mechanical 
properties of the entire membrane [23, 24]. For instance, a 
mixed solvent system (dimethylformamide (DMF) and N- 
methyl-pyrrolidinone (NMP)) was used to prepare a solution 
of polyethersulfone (PES) by Yoon et al. [25].A PES polymer 
solution has been electrospun using needle electrospinning. 
A different solvent mixed system contained solvents with 
various vapour pressures. Therefore, the nanoweb on the 
supporting material was still partly wetted because of the high 
vapour pressure of NMP, and this could lead to adhesion 
between the fibres. However, the average fibre diameter 
increased directly proportional to the mechanical strength 
[16]. In other studies, to increase the strength and integrity of 
the nonwoven and nanofibrous composite supporting layer, 
heat and pressure were applied [26]. These above-mentioned 
methods influenced the morphology of the nanofibrous 
layer in a negative way (e.g., there is an increase in the 
fibre diameter or nonfibrous area). Moreover, the needle 
electrospinning method, which is a small-scale nanofibres 
production system, used the studies mentioned above. Hence, 
the commercialization of those nanofilters is improbable. 
The primary purpose of the researcher is to prepare a 
membrane with the best rejection and flux performance in 
the area of desalination. In the literature, there are many 
attempts to increase membrane performance by using var- 
ious kinds of additives in an aqueous or organic phase to 
obtain a better IP process [27–29]. Petersen reported that, 
to obtain higher rejection performance in piperazine-based 
(PIP) membranes, the presence of an acid acceptor was 
necessary in an aqueous solution. However, this was not 
the case for m-phenylenediamine-based (MPD) membranes 
[10]. The reaction rate of a PIP solution into the trimesoyl 
chloride (TMC) solution was rather low and requires a higher 
concentration of acyl halide along with an acid acceptor to 
promote the PA active barrier layer. In the case of MPD- 
based membranes, the high portion of tertiary amine content 
acts as a built-in acid acceptor. Hermans proved that the 
use of a tertiary amine base was necessary to obtain a high 
rejection rate together with surfactants. However, adding 
each of them separately did not improve the performance 
[30]. Mansourpanah indicated that adding different kinds 
of surfactants (anionic, cationic, and nonionic) affects the 
filtration performance and morphology of the active barrier 
layer. They reported that an increase in surfactant concentra- 
tions in aqueous PIP solutions usually decreases rejection and 
increases permeate flux with some exceptions [31, 32]. 
When it comes to desalination technology, the dead- 
end filtration method is usually applied as a pretreatment 
for reverse osmosis in seawater desalination using a low- 
pressure membrane such as microfiltration or ultrafiltration 
[33, 34]. The polymeric phase-inverted micro- and ultrafil- 
tration membranes have proved themselves to be able to take 
on this task. However, polymeric phase-inverted membranes 
tend to show fouling due to their hydrophobic structure. 
Moreover, most of the common phase-inverted membranes 
are produced from expensive polymers such as PVDF, PES, or 
PSf using highly concentrated polymer solutions via a solvent 
and nonsolvent exchange system. 
Taking into consideration the above information, the 
objectives of the present work are the following: 
(1) To prepare alternative supporting material, which is 
relatively cheap and applicable to upscale production 
of liquid filtration or desalination. 
(2) To overcome the main issues of nanofibrous mem- 
branes (weak mechanical properties) in liquid nano- 
filtration and prepare the finest possible nanofibrous 
surface without negatively affecting the morphology 
of the nanofibres for PA thin active surface. 
(3) To desalinate real seawater provided from the Med- 
iterranean Sea using thin film nanofibrous com- 
posite membranes under low pressure via dead-end 
filtration. 
In this study, three-layered thin film nanofibrous com- 
posite membranes were prepared. The nonwoven and nanofi- 
brous supporting layers were combined using the lamination 
method by applying heat and pressure. The top PA thin 
active layer was formed by interfacial polymerization. The 
characterizations of laminated support layer and prepared 
thin film nanofibrous composite membrane were done. The 
long-term filtration performance was evaluated via a dead- 
end filtration cell using mono- and divalent salt solutions. 
Finally, real seawater filtration was carried out using the dead- 
end filtration cell. 
 
2. Experimental 
2.1. Materials. The TFNC bottom substrate was a polypropy- 
lene/polyethylene (80/20, 18 g/m2) bicomponent spunbond 
nonwoven fabric (Pegatex S BICO) from Pegas Nonwo- 
vens s.r.o. (Czech Republic). The solution used to pro- 
duce the porous nanofibre layer by electrospinning con- 
sisted of polyamide 6 (PA6) (BASF B24) dissolved in acetic 
acid/formic acid. The selective layer of the TFNC membrane 
was prepared by interfacial polymerization of two immiscible 
phases on the porous nanofibre layer. Piperazine (PIP) and 
m-phenylenediamine (MPD) were purchased from Sigma- 
Aldrich and prepared in deionised water as aqueous phases, 
while the organic phase was prepared by dissolving trimesoyl 
chloride (TMC) (Sigma-Aldrich) in hexane at 40∘C. The 
filtration performance of TFNC membranes was tested using 
salt solutions containing magnesium sulphate (MgSO4), 
sodium chloride (NaCl), and calcium chloride (CaCl2) pur- 
chased from Penta s.r.o. (Czech Republic) and sodium sul- 
phate (Na2SO4) purchased from Lachema, Brno (Chemapol). 
Triethylamine (TEA) was purchased from Sigma-Aldrich. 
Sodium hydroxides (NaOH) were chosen as acid acceptor 
materials and Synferol AH 1241 was used as an anionic 
surfactant. 
 
2.2. Preparation of the Electrospun PA6 Porous Nanofibrous 
Layer. A solution of polyamide 6 (8% wt.) was dissolved 
































































Figure 1: Electrospinning of PA6 nanofibres using the Nanospider Production Line NS 1WS500U. 
 
 
4 hours to produce a nanofibre layer using wire electrode 
electrospinning equipment (NS 1WS500U, Elmarco s.r.o., 
Czech Republic). Wire electrospinning is a new technique 
that uses an electrical force to spin nanofibres from a free 
surface liquid towards a collector electrode [35] (Figure 1).A 
solution carriage feeds the polymer solution arounda moving 
stainless steel wire. The speed of the carriage is 245 mm/s 
and the rotation speed of the wire is 40.5 cm/h. High voltage 
suppliers are connected to the wire electrode (55 kV) and 
the collector electrode (−10 kV). When the applied voltage 
exceeds a critical value, many Taylor cones are created on 
the surface of the wire. Polymer solution jets move towards 
the collector, the solvent evaporates, and the PA6 nanofibrous 
layer is collected on baking paper moving in front of the 
collector electrode. The speed of the movement of the baking 
paper is 9 cm/min. 
The distance between the electrodes is 18 cm. The temper- 
ature and humidity of input air are set to 23∘C and 30% by the 
air-conditioning system. The volumes of air input and output 
are 98 and 110 m3/h, respectively. 
 
2.1. Lamination of Nonwoven and Nanofibrous Materials. 
Bicomponent spunbond nonwoven and PA6 nanofibrous 
fabrics were laminated using RPS-Mini fusing lamination 
equipment (Meyer-Germany). This process was carried out 
tenuously to avoid damaging the structure of the nanofibres 
such as the fibre diameter and pore size. 
The PA6 nanofibrous layer was put onto PP/PE bicompo- 
nent nonwoven fabric and inserted between two Teflon belts 
moving at 2 m/min in the lamination equipment. 
The temperature was set at 135∘C considering the melting 
point of PE (120–130∘C). The nanofibrous layer adhered to 
 
 
Figure 2: Lamination method and equipment. 
 
 
the nonwoven fabric under a pressure of 15 N/cm while 
the PE fibres partly melted. The resulting product is called the 
nonwoven-nanofibrous composite (NNC) scaffold (Figure 2). 
 
2.2. Preparation of the Active Barrier Layer. The laminated 
PP/PE bicomponent spunbond nonwoven fabric and the 
PA6 nanofibrous web were used as supporting material to 
prepare the TFNC membranes. To form an active barrier 
layer, interfacial polymerization was carried out using MPD 
and PIP monomers for an aqueous solution while TMC was 
used for organic solutions. 
To prepare the PIP-based TFNC membranes, TEA 
[4.0% (w/v)] and NaOH [1.0% (w/v)] were added to a certain 
amount of PIP [2.0% (w/v)] aqueous solution while the 
concentration of the TMC was [0.2% (w/v)]. The reaction 
times selected for the aqueous and organic solutions were 
1 min and 45 sec, respectively. The drying time between the 
solutions was set at 5 min. The temperature and time of curing 














MPD-based membranes were prepared using an acid Table 1: Properties of the NNC scaffold. 
acceptor [TEA, 2.0% (w/v)] and surfactants [anionic liquid, 
0.2% (w/v)]. The selected concentrations of MPD and TMC 













solutions. The IP reaction for the MPD-based membranes 
was carried out under the same conditions as the drying, 
curing time, and curing temperature mentioned above for 
the PIP-based membranes except that the reaction times were 
different. The selected reaction time for the MPD aqueous 
solution was 1 min, whereas the reaction time for the organic 
solution was 30 sec. 
 
2.1. Characterization of Enhanced TFNC Membranes. The 
surface morphologies of enhanced MPD- and PIP-based 
TFNC membranes were investigated using scanning elec- 
tron microscopy (Tescan-Vega3 SEM). Attenuated total 
reflectance Fourier transforms infrared spectroscopy (ATR- 
 
0.469 1.064 0.739 126 ± 29.1   
 
of enhanced MPD- and PIP-based TFNC membranes. All 
of the filtration experiments were performed to observe the 
long-term and fouling performance of the TFNC membranes. 
The experiments were performed using pure water and salt 
solutions, for example, 2,000 ppm MgSO4, NaCl, CaCl2, and 
Na2SO4 solutions, were used as feed water. The rejection 
performance was calculated by (1), using a conductivity 
meter: 
Cf − Cp 
FTIR) characterization of the MPD- and PIP-based TFNC 
membrane surfaces was performed with the ATR accessory, 
Rejection (%) = 
Cf 
× 100, (1) 
using a Nicolet IZ10 (Thermo Fisher Scientific Inc., Waltham, 
MA). Analysis of samples was carried out by applying the 
reflection technique using a Germanium crystal. The surface 
hydrophilicity of the NNC scaffold and MPD- and PIP-based 
TFNC membranes was evaluated using an optical angle meter 
(Kruss Drop Shape Analyzer DS4). 
 
2.2. Molecular Weight Cut-Off (MWCO) Test Using Aqueous 
PEG Solutions. Molecular weight cut-off refers to the lowest 
molecular weight solute (in daltons) in which 90% of the 
solute is retained by the membrane. The MWCO of MPD- 
and PIP-based membranes was evaluated with polyethylene 
glycol aqueous feed solutions, containing 1000 ppm PEG with 
different molecular weights (Sigma-Aldrich; Mn: 200, 400, 
and 600). The permeants and feed solutions were analyzed 
using a total organic carbon analyzer (direct measurement 
method, Analytik Jena Multi N/C 2100S, Germany). The 
filtration performance of PEG solutions was tested using a 
dead-end filtration cell. 
 
2.3. Liquid Chromatography Analysis. The prepared MPD- 
and PIP-based membranes were used to determine whether 
residual compounds such as MPD, PIP, TMC, TEA, or surfac- 
tants were released from the membranes to the permeation 
side. Therefore, the membranes were set into a dead-end 
filtration cell and only pure water was used as a feed solution. 
The permeate water samples were stored in a vial specifically 
for liquid analysis. The existence of residual chemicals that 
could be released from the membrane itself during the pure 
water filtration experiments was investigated using ABSciex 
3200 QTRAP mass spectrometer and Dionex UltiMate 3000 
liquid chromatography. 
The amount of salt ions (Na+, Ca+2, K+, Mg+2, Cl−, SO−4, 
NO−2, and NO−3) in the original feed seawater and filtered 
seawater was determined through ion chromatography anal- 
ysis using ICS-90 Dionex. 
 
2.4. Evaluation of Filtration Performance. The dead-end fil- 
tration cell was used to investigate the filtration performance 
where Cf and Cp are the conductivity of the feed and 
permeant concentrations. 
 
1. Results and Discussion 
3.1. Characteristic of TFNC Membranes. In this study, pro- 
duction of PA6 nanofibres was carried out onto a backing 
paper substrate using a Nanospider electrospinning device. 
Subsequently, the PA6 nanofibrous layer was transferred 
onto a PP/PE spunbond nonwoven fabric by the lamina- 
tion method. Figure 3 illustrates the top-viewed and cross- 
sectioned SEM image of the TFNC membranes. The average 
fibre diameter of the top layer of the NNC scaffold was 126 ± 
29.1 nm and the mean flow pore size was 0.739 �m. Further 
features of the NNC scaffold are listed in Table 1. 
The tensile strength tests of the nonwoven fabric, nanofi- 
brous scaffold, and NNC scaffold were measured individually. 
The nanofibrous layer showed weak mechanical properties 
of 4.33 N/25 mm (machine direction) and 4.12 N/25 mm 
(counter-direction), while the tensile strength of the spun- 
bond bicomponent nonwoven fabric was 14.95 N/25 mm 
(machine direction) and 6.14 N/25 mm (counter-direction). 
When the lamination method was applied, the tensile 
strength of the NNC scaffold was increased to 29.17 N/25 mm 
(machine direction) and 14.42 N/25 mm (counter-direction). 
The thicknesses of the nanofibrous scaffold and the spunbond 
bicomponent nonwoven fabric were 38 ± 0.5 �m and 75 ± 
1 �m, respectively. After lamination of the fabrics, the total 
scaffold thickness was 105 ± 5 �m. 
The PIP- and MPD-based TFNC membranes were pre- 
pared by adding various additives to the aqueous solutions. 
The addition of an acid acceptor, a strong base, and anionic 
surfactants to the aqueous solution had a significant effect on 
the surface morphology of the PIP- and MPD-based TFNC 
membranes (Figure 4). 
It is evident from the SEM images in Figure 4 that 
the fibrous pattern of the nanofibrous layer disappeared 
and formed a typical ridge and valley PA structure on the 





















Figure 4: Surface images of (a) PIP-based membranes which were prepared TEA+NaOH and (b) MPD-based membranes which were 
prepared TEA+Synferol AH. 
 
 
membranes prepared with the anionic liquid were smooth 
and homogenous according to the PIP-based membranes. 
The morphological difference of the MPD- and PIP-based 
membranes is mainly due to the difference in the chemical 
structure of the monomers. 
The FTIR spectra of the obtained PIP-based PA active 
layers on the NNC scaffold are shown in Figure 5. The strong 
and broad signals around the wavelength of 3,405 cm−1 were 
observed with the addition of NaOH, which was assigned to 
the carboxylic acid group or the hydroxyl group on the sur- 
face of the active layer. However, for the membranes coated 
with MPD-based active layers, the same bond seems weaker. 
A strong band at 1,620 cm−1 is an indicator of the C=O bond 
of an amide functional group for both membranes. 
The FTIR spectra of the prepared MPD-based PA active 
layers on the NNC scaffold are also given in Figure 5. 
The characteristic properties of the MPD-based membranes 
were seen at 1,650 cm−1 and 1,550 cm−1, which are repre- 
sented by the C=C bond of the phenyl ring and amide 
II, respectively. The C-H stretching region for the anionic 
liquid (Synferol AH) can be observed from the medium peaks 
at 2,956 cm−1 (asymmetric CH3), 2,923 cm−1 (asymmetric 
CH2), and 2,854 cm−1 (symmetric CH3). The other peaks 
observed after 1,000 cm−1 indicate C-H bonds in aromatics 
groups. 
The reaction of both MPD (Figure 6) and PIP (Figure 7) 
monomers with TMC led to the successful formation of a 
dense layer on the NNC scaffold. 
The surface hydrophilicity of the prepared PIP- and 
MPD-based TFNC membranes is given in Table 2. 
The NNC scaffold showed slightly hydrophilic behaviour, 
while the membranes with the active barrier layer showed 
more hydrophilic behaviour than the NNC scaffold. The 
measurement of contact angles of the PIP-based membranes 
showed superhydrophilic behaviour with the existence of acid 
acceptors (TEA, NaOH). The measurement of the contact 
angle of the MPD-based membranes demonstrated that the 
addition of an acid acceptor and an ionic liquid to the aqueous 
solution hasa significant effect on the surface hydrophilicity 
of the active layer. 
















Table 3: The rejection values of the TFNC membranes using PEG 
feed solutions. 
 
Membranes PEG-200 PEG-400 PEG-600 
PIP+TEA+NaOH 61.5% 91.1% 98.9 
MPD+TEA+Sy-AH 97.3% 98.9% 99.6 
 
Table 4: Properties of the salt used for the feed solutions. 
Type of salt Conductivity 
 
pH Parts per million (ppm) 
  (mS/cm)  
 
4000 3500 3000 2500 2000 1500 1000 
Wavenumbers (cm−1) 
MPD+TEA+Synferol AH-based layer (3) 
PIP+TEA+NaOH-based layer (2) 
PA nanofibers layer (1) 
Figure 5: ATR-FTIR of the NNC scaffold (1) and PIP-based (2) and 
MPD-based (3) membranes. 
 
Table 2: Contact angle properties of NNC and TFNC membranes 










was 1.3 nm (200 Da), which means that the effective pore 
size of the MPD+TEA+Sy-AH-based membrane was less 
than 1.3 nm [36]. The TOC analysis showed that the 
PIP+TEA+NaOH-based membrane was able to retain com- 
pounds with a maximum average molecular weight of 
400 g/mol. On the other hand, the MPD+TEA+Sy-AH-based 
membrane was able to retain a compound with a molecular 
Membranes angle Images of water droplet 
weight of less than 200 g/mol. 
 
3.3. Filtration Performance of TFNC Membranes. The filtra- 
tion processes in the extended period were carried out using 
a PIP+TEA+NaOH-based membrane. First, the filtration 
process was carried out using distilled water to determine 
the pure water permeate flux and level of compaction of the 
membrane (Figure 8). 
In the early filtration stage of all of the membranes, 
determination of the pure water flux is necessary in order 
for the membranes to reach a steady state. In this study, 
transmembrane pressure was applied to all of the prepared 
membranes for compaction. Once the membranes reach a 
steady state using pure water, the filtration process was car- 
ried out for the feed solutions. Figure 8 shows the pure water 
flux of PIP+TEA+NaOH-based membranes for 24 hours. The 
3.2. Determination of the Molecular Weight Cut-Off of the 
TFNC Membranes. The filtration of an aqueous PEG solution 
with different molecular weights was carried out using dead- 
end filtration to determine the MWCO of the TFNC mem- 
brane. Table 3 gives the PEG rejection values of the PIP-based 
TFNC membrane prepared using TEA + NaOH as an additive 
and the MPD-based TFNC membrane prepared using TEA + 
Synferol AH as an additive. 1000 ppm PEG 200, 400, and 600 
solutions were used as the test samples during the MWCO 
tests. 
It was found that the MWCO of the PIP+TEA+NaOH- 
based membrane was 400 Da (the rejection rate was 91.1%). 
The average solution diameter of PEG-400 was 1.8 nm, which 
means that the effective pore size of the PIP+TEA+NaOH- 
based membrane was around 1.8 nm. The MPD+TEA+Sy- 
AH-based membrane showed a high PEG-200 rejection 
rate (97.3%). The average solution diameter of PEG-200 
filtration of the pure water flux began with 78.5 L m−2 h−1 
and was then decreased to 75.9 and 74.7 L m−2 h−1. Stable 
flux averaging 73.5 L m−2 h−1 was obtained after 6 hours. The 
differences between the steady state and the third-hour flux 
were not so significant (1.2 L m−2 h−1). It is also seen from 
Figure 8 that the amount of compaction on the PIP-based 
membranes was almost negligible. 
After the steady state of the PIP+TEA+NaOH-based 
membrane was determined and attained using pure water, 
feed solution experiments were carried out for an extended 
period. Four kinds of salts, that is, MgSO4, NaCl, CaCl2, and 
Na2SO4, were chosen for the feed solution. The properties 
of the salt solutions are given in Table 4 and the filtration 
performances of the four kinds of solution are illustrated in 
Figure 9. 
The flux and rejection performance are shown for the 











NNC scaffolds 62.7 ± 2.74 
PIP+TEA+NaOH+TMC 
(1 min + 45 sec) 
0 
MPD+TEA+Synf+TMC 
(1 min + 30 sec) 
21 ± 1.64 










MgSO4 2.21 5.59 2,000 
Na2SO4 5.74 6.87 2,000 
NaCl 3.52 6.15 2,000 



































TMC MPD Crosslinked structure Linear structure 
















TMC PIP Crosslinked structure Linear structure 
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Figure 8: Observation of the filtration process for an extended 
period of PIP+TEA+NaOH membrane using pure water at 4.8 bar. 
 
 
In Figure 9(b), the flux performance showed a decreas- 
ing trend, which means that the PIP+TEA+NaOH-based 
membrane showed slightly fouling behaviour during the 
filtration of the Na2SO4 feed solution. Eventually, the 
PIP+TEA+NaOH-based membrane showed a high rejection 
performance for divalent salts. Inherently, the retained 
monovalent salt ratios were low. 
The MPD+TEA+Sy-AH-based membrane used for the 
pure water filtration over an extended period is shown in 
Figure 10. 
The MPD+TEA+Sy-AH-based membrane began with 
considerably high pure water flux; after a while the pure 
water flux becomes stable and reaches a steady state. The pure 
water flux began around 31.2 L m−2 h−1 and then reached a 
steady state at 22.3 L m−2 h−1 after 6 hours. The membrane 
compaction is crucial for the NF and RO membranes and 
depends on the applied pressure and type of membrane [37, 
38]. Flux performance can drop significantly, especially in 
reverse osmosis membranes [39]. Figures 8 and 10 show that 
the compaction rate of the TFNC membranes is substantially 
low due to the advantages of the fibrous structure of the 
supporting layer. 
The filtration experiments of different salt-based feed 
solutions for the MPD+TEA+Sy-AH-based membrane are 
given in Figure 11. The rejection rates of divalent salts were 
higher than 98% and were around 96-97% for monovalent 
salts. The flux performance of the MPD+TEA+Sy-AH-based 
membrane showed a slightly decreasing trend. This may be 
explained by the concentration polarization due to the use of 



























































































































































































































A specific amount of feed water was used in each 
experiment, and the circulation of feed water was impossible 
in the dead-end filtration system. As the water molecules 
diffuse through the TFNC membrane, the salt ion is retained 
and the concentration of feed water continuously increases. 
Due to the fact that the ratio of salt ions increased rapidly, 
concentrated feed solutions accumulate on the surface of the 
membrane and lead to salt leakage or fouling. Moreover, the 
osmotic pressure of the feed water increases proportionally 
to the concentration of the feed solution. For this reason, the 
flux of feed water tended to decrease during filtration using 
the MPD-based membranes. 
 
3.4. Analysis of Real Seawater Filtration. The desalination 
of seawater using membrane technology is a promising 
technique, which essentially requires more than one step to 
produce drinkable water such as prefiltration, microfiltration, 
and softening. The results of ion-exchange chromatogra- 
phy analysis and conductivity measurements show that the 
 
amount of the main dissolved salt ions and the conductivity 
of the seawater were extremely high for the NF membrane 
filtration process (Table 5). 
The primarily filtration experiment was carried out using 
PIP+TEA+NaOH- and MPD+TEA+Sy-AH-based mem- 
branes by measuring the conductivity of the permeate water 
only (Figure 12). 
The results in Figure 12 show that the conductivity value 
of permeate water dropped from 53.2 mS/cm to 47 mS/cm 
and 38 mS/cm, respectively, while the flux performance was 
24.6 L m−2 h−1 and 0.65 L m−2 h−1, respectively. It is clear that 
the PIP- and MPD-based membranes remained incapable of 
retaining an excessive amount of salt ions in the seawater all 
at once. For this reason, the same feed seawater was circulated 
and was used more than once while the same membrane was 
fixed on the dead-end cell. 
The filtration experiment of circulated seawater started 
with the PIP-based membranes and was repeated six 
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Table 6: Amount of ions in the filtered seawater sample [permeant 










SO −2 4.2 
NO − <10 
NO − <10 
Conductivity of seawater 585.1 �S/cm 
 
Figure 10: Observation of the filtration process of MPD+TEA+Sy- 
AH membrane for an extended period using pure water at 4.8 bar. 
 
Table 5: The main dissolved ions in a Mediterranean seawater 
sample. 
10.5 mS/cm while the flux performance was more or less the 
same (0.965 L m−2 h−1). 
After the fourth attempt at MPD-based filtration, the 
conductivity of the obtained permeate water was 585.1 �S/cm 
with increased flux (1.12 L m−2 h−1), which means that 
approximately 98.9% of the salt ions were retained from the 








SO −2 2,357 
NO − <100 
NO − <100 
Conductivity of seawater 53.2 ms/cm 
 
 
as feed water using the MPD-based membranes and was 
repeated four times (Figure 13). The flux performance of 
the PIP+TEA+NaOH-based membranes in the filtration of 
seawater was higher compared to the MPD+TEA+Sy-AH- 
based membranes. Moreover, the flux performance of PIP- 
based membranes increased after each filtration process, 
while the conductivity of the feed seawater decreased. The 
conductivity of the feed seawater remained stable after the 
fifth (32.5 mS/cm) and sixth (32.0 mS/cm) filtration (Fig- 
ure 13(a)). It was understood that after four filtration cycles 
using the PIP-based membranes there was none or only trace 
amounts of divalent salt ions in the feed seawater. The rate 
of recovery was more than 95% at the end of the filtration 
processes of seawater using the PIP-based membrane. 
Further filtration was continued with MPD+TEA+Sy- 
AH-based membrane using prefiltered feed seawater, which 
had a conductivity of 32.0 mS/cm (Figure 13(b)). In the first 
attempt of filtration, the conductivity dropped to 20 mS/cm 
while the flux performance was 0.935 L m−2 h−1, which was 
slightly higher than shown in Figure 12. During the second 
filtration of the feed seawater, the conductivity decreased to 
final recovery rate was around 75% at the end of the seawater 
filtration process using the MPD-based membrane. 
The analysis of ion-exchange chromatography was car- 
ried out again, and the amounts of salt ions in the filtered 
water are given in Table 6. 
It is clear from Figure 13 that the rejection ratio of 
salt ions from seawater was dependent on the number of 
repetitions of the circulated feed seawater using the dead-end 
filtration method. We firmly believe that there was a chance 
to retain the rest of the salt ions from the obtained seawater 
permeants by increasing the circulation time. However, the 
flux performance of the MPD-based membranes dropped 
extremely. It was not reasonable to proceed with the filtration 
of seawater experiment using a dead-end filtration cell and so 
we limited the circulation times of the feed seawater to four 
using the MPD-based membrane. 
Another advantage of TFNC membranes was revealed 
by liquid chromatography analysis of permeate water. The 
results of the analysis showed that the amount of the residual 
chemical, which was maybe released from the membrane 
itself, was not observed except for a trace amount of TEA 
(0.1 mg/L after 5 hours of pure water filtration). 
 
1. Conclusion 
In this study, not only the flux performances but also 
the rejection performances of MPD- and PIP-based mem- 
branes were significantly high using an acid acceptor and 
surfactants. The addition of TEA as an acid acceptor is 
necessary for the formation of poly(piperazine amide). The 
presence of TEA increased the reaction rate of the PIP 
monomer to the TMC monomers. A strong base (NaOH) 
was added as a second additive to the aqueous solution 
and a poly(piperazine amide) active layer formed onto the 
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Type of membrane 
Flux 
Conductivity 
Figure 12: Filtration experiment of seawater using different mem- 
branes and a dead-end cell at 4.8 bar. 
was obtained using the PIP+TEA+NaOH-based membrane, 
which was on average 98.8% MgSO4 and 97.4% Na2SO4. Even 
though the effect of the dead-end filtration method proved 
to be a disadvantage, the pure water flux and permeate flux 
of PIP+TEA+NaOH-based membranes were high, that is, 
73.5 L m−2 h−1 and 40.5L m−2 h−1, respectively. The MPD- 
based membrane showed high flux and rejection perfor- 
mance with the addition of an anionic liquid and TEA. 
The highest monovalent rejection performance was recorded 
with the MPD+TEA+Sy-AH-based membrane, which had 
an average of 97.4% CaCl2 and 96.3% NaCl. The pure 
water flux and permeate flux of the MPD+TEA+Sy-AH- 
based membrane were high, that is, 22.5 L m−2 h−1 and 12.5 
L m−2 h−1, respectively. 
The filtration experiments of the real seawater indicated 
that the TFNC membranes were not able to retain a sufficient 
amount of salt ions at the first attempt. For this reason, the 

































































































































































(1.) (2.) (3.) (4.) 
Number of circulation times with PIP-based membranes 
Flux 
    Conductivity 
(a) 
Number of circulation times with MPD-based membranes 
Flux 
    Conductivity 
(b) 
Figure 13: Circulated filtration of seawater using (a) PIP- and (b) MPD-based membranes. 
 
a higher amount of salt ions. As a result, 98.9% of the salt 
ions were retained from the original seawater. The results of 
the ion-exchange chromatography analysis of the original and 
obtained permeate water matched the conductivity values. 
The thin film nanofibrous composite membranes exhib- 
ited high mechanical properties and resisted an applied 
pressure of 4.8 bar in all of the filtration experiments. Primary 
results indicated that electrospun nanofibres are promising 
candidates for use as new high-performance nanofiltration 
membranes due to their high flux and ion rejection. 
 
Competing Interests 
The authors declare that they have no competing interests. 
 
Acknowledgments 
The results of this Project no. LO1201 were obtained through 
the financial support of the Ministry of Education, Youth 
and Sports in the framework of the targeted support of the 
“National Programme for Sustainability I and the OPR&DI 
Project Centre for Nanomaterials, Advanced Technologies 
and Innovation CZ.1.05/2.1.00/01.0005.” Special thanks are 
due to the University of Essen, Chemical Department, for 
their great help. 
 
References 
[1] H. Ettouney and M. Wilf, “Commercial desalination technolo- 
gies,” in Seawater Desalination: Conventional and Renewable 
Energy Processes, G. Micale, L. Rizzuti, and A. Cipollina, Eds., 
pp. 77–107, Springer, Berlin, Germany, 2009. 
[2] J. Ribeiro, Desalination Technology: Survey and Prospects, IPTS, 
1996. 
[3] M. M. A. Shirazi, A. Kargari, and M. J. A. Shirazi, “Direct contact 
membrane distillation for seawater desalination,” Desalination 
and Water Treatment, vol. 49, no. 1–3, pp. 368–375, 2012. 
[4] L.  M.  Camacho,  L.  Dumée,  J.  Zhang  et  al.,  “Advances  in 
membrane distillation for water desalination and purification 
applications,” Water, vol. 5, no. 1, pp. 94–196, 2013. 
[5] A. L. Ahmad, B. S. Ooi, A. W. Mohammad, and J. P. Choudhury, 
“Development of a highly hydrophilic nanofiltration membrane 
for desalination and water treatment,” Desalination, vol. 168, no. 
1–3, pp. 215–221, 2004. 
[6] L. F. Greenlee, D. F. Lawler, B. D. Freeman, B. Marrot, and P. 
Moulin, “Reverse osmosis desalination: water sources, technol- 
ogy, and today’s challenges,” Water Research, vol. 43, no. 9, pp. 
2317–2348, 2009. 
[7] X. Lu, X. Bian, and L. Shi, “Preparation and characterization 
of NF composite membrane,” Journal of Membrane Science, vol. 
210, no. 1, pp. 3–11, 2002. 
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Separation of enantiomers 
A B S T R A C T 
 
A series of unique composite membranes formed from a nano&micro fibrous material with different amounts of a 
chiral selector was used for separation of chiral drugs. The membrane performances were demonstrated through 
sorption tests, wherein they were soaked in an aqueous solution of racemic D, L-tryptophan (a model chiral 
drug). The changes in concentration of both enantiomers over time were monitored by HPLC analysis. During 
100 days, a blank membrane (without the chiral selector) exhibited no sorption activity. The membranes con- 
taining the selector had no influence on the amount of D-enantiomer, while the L-enantiomer was preferentially 
adsorbed on each membrane. The intensity of the sorption was found to be a direct function of the amount of the 
selector contained in a particular membrane. The separation of the same model chiral compound was further 
studied in diffusion cells by pertraction. The preferential sorption of L-tryptophan in the feed underlined the 
crucial importance of the selector in an active layer in view of chiral recognition of enantiomers. Due to the 
exclusive membrane material, the retention of L-tryptophan in the membrane materials did not block the passage 
of D-enantiomer into the permeate at any point during the experiment. Moreover, the nanomaterial in the active 
layer assured the distribution of the selector to the point that only 50% of (S, S)-1,2-diaminocyclohexane in one 
part of the active layer was sufficient to achieve 99% of enantioselectivity. The membranes – fresh and used – 
were analysed by Fourier-transform infrared (FTIR) spectroscopy and characterized by scanning electron mi- 
croscopy (SEM) confirming the stability of the tested membranes. To complete the study, the role of the poly- 





Currently, nearly 50% of pharmaceuticals on the market are chiral 
drugs, the majority of which are racemates, i.e., an equimolar mixture of 
two enantiomers. The enantiomers may cause significantly different 
physiological effects of the same medicament; e.g., anti-arthritic/ 
mutagenic   penicillamine,   bitter/sweet   asparagine,   tuberculostatic/ 
blindness-causing ethambutol or sedative/teratogenic thalidomide [1]. 
In such drugs, the pharmacologically active enantiomer (eutomer) 
metabolizes differently to its diastereomer, which is at best is bio-inert 
or worse, has undesired (in the case of high dosage of teratogen even 
fatal) bioactivity. Another “chiral alert” comes from toxicology. Chiral 
pharmaceuticals are essential in clinical medicine, and demand from 
widespread applications inevitably results in an increased production. 
However, overuse also results in the drugs (and their metabolites) 
becoming environmental pollutants [2]. Bioaccumulation, persistence 
or toxicity also depends on the enantiomeric composition. There is an 
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replace racemic mixtures by enantiomerically enriched or enantiopure 
medicinal products. The separation of enantiomers is therefore vital to 
assure general drug safety. 
One approach leading to optically pure enantiomers is the asym- 
metric synthesis of enantiopure drugs [3–5], while another approach 
relies on the separation of the enantiomeric mixtures by asymmetric 
biotransformation, sensors, liquid-liquid extraction (LLEx), chromatog- 
raphy, capillary electrophoresis, or membranes [6,7]. One of the most 
important  technologies  applied  for  high-resolution  purification of 
products is chromatographic enantioseparation [8–10]. However, from 
an economic point of view, membrane separation processes represent a 
particularly advantageous option. The benefits of membranes include 
better mass transfer efficiency, increased flow rates, ease of operation, 
and the ability to deal with large molecules. 
There are multiple methods in which membrane processes can be 
employed [11]. Membrane-assisted processes and 
adsorption-enantioselective (liquid and solid) membranes for chiral 
resolution were summarized in a comprehensive review by Xie et al. 
[12] The former is based on non-enantioselective membranes which 
have no enantioselectivity themselves. However, they can assist in an 
enantioselective process, such as enzyme enhanced ultrafiltration or 
polymer enhanced ultrafiltration [13]. In an adsorption-type enantio- 
selective membrane, the binding affinity between enantiomers and 
chiral recognition sites is stronger than that of a diffusion-
enantioselective membrane. This interaction force always ex- 
ists between one enantiomer and one chiral site [14–18]. The separation 
of  racemic  mixtures  from  liquid  phases  by  pertraction,  using 
adsorption-enantioselective membranes is discussed in the paper. Its 
principle of pertraction is similar to that of LLEx: the feed mixture and 
extraction agent are in direct contact, and the separation process is 
based on the solubility/affinity of the substance in both phases. In per- 
traction, both media are separated by a non-porous polymeric or liquid 
membrane, which mediates the transport of the individual components 
between the phases. The separation of mixtures through permeation is 
controlled by the rates of membrane transport processes. The most 
common types of membranes for permeation are liquid and composite 
membranes. The latter exhibit an outstanding proton conductivity, fuel 
cell durability and performance, when compared to other types of hy- 
drocarbon membranes and the industrial standard Nafion® 212 [19]. 
In previous works [20,21], a composite three-layer membrane was 
prepared, with the layers comprising (1) a nonwoven part, functioning 
as supporting material, (2) a nanofibrous scaffold, forming the porous 
layer, and (3) an active barrier layer. The selective layer of the thin film 
membrane was prepared by interfacial polymerization of two immis- 
cible phases on the porous nanofiber layer. In this process either 
piperazine or m-phenylene diamine (MPD) was dissolved in deionized 
water to form the aqueous phase, while the organic phase was prepared 
by dissolving 1,3,5-trimesoyl chloride (TMC) in n-hexane. The active 
film was obtained by remittent immersion of the fibrous composite in 
both phases and subsequent thermal treatment. Such membranes are 
suitable for desalination and ion separation due to the narrow pore size 
of the membrane. 
The innovation of the present work is to use MPD and TMC for the 
creation of a thin film on the nanofibrous layer substituting variable 
portions of MPD with a chiral active substance, (S,S)-1,2-dia- 
minocyclohexane (DACH), thus obtaining a membrane suitable for 
enantiomer separation [22]. To the best of our knowledge, this is the 
first successful exploration of nonporous composite membranes with the 
unique combination of nanofibrous and microfibrous structures plus 
chiral composition at the same time. 
This study highlights the membrane-based separation of the enan- 
tiomers of D, L-tryptophan (D, L-Trp), a molecule that catabolizes 
numerous physiological processes and contributes to intestinal and 
systemic homeostasis in health and disease [23]. There is preliminary 
evidence that an altered Trp metabolism is related to white matter 
integrity in schizophrenia [24]. Furthermore, an increased catabolic 
turnover of Trp along the kynurenine pathway in patients with major 
depressive disorder was detected [25]. In 1989, the Japanese company 
Showa Denko genetically modified bacteria in an attempt to market 
large quantities of L-Trp [26]. However, this resulted in the death of 37 
people and another 1500 disabled by disease causing muscle pain [27] 
due to the presence of D-Trp. Enantioselective membranes should safely, 
without produced impurities, separate the two enantiomers of the drug. 
Tobis et al. reported the facile synthesis of nanophase separated 
amphiphilic polymer conetworks, which allows the preparation of chiral 
membranes with precise mesh size and morphology. They demonstrated 
that variation of composition and phase swelling allows controlling of 
the selectivity and the permeability by varying the nanostructure. When 
using tryptophan as substrate in water with a chiral amphiphilic poly- 
mer conetworks membrane with 29 wt% of poly((R), (S)–N-(1-hydrox- 
y-butan-2-yl)acrylamide) the L-enantiomer can be completely separated 




Polyethylene/polypropylene  (PE/PP  =  80/20,  18  g/m2)  bicompo- 
nent spunbond nonwoven fabric (Pegatex S BICO) was furnished by 
Pegas Nonwovens s.r.o., Czech Republic. Together with polyamide 6 
(PA6) (BASF B24), it was described in previous work [21]. TMC, MPD, 
DACH and D, L-Trp of purity 99% were purchased from Sigma-
Aldrich. Deionized water was produced by an ultrapure water 
system (Simpli Lab, Millipore S. A., Molsheim, France). 
 
1.2. Membrane preparation 
 
As shown in Fig. 1, the membrane components are: 
 
- Supporting layer: PE/PP bicomponent nonwoven 
fabric/material 
- Nanofiber: PA6 nanofiber. The laminated spunbond nonwoven 
fabric and the PA6 nanofibrous web were used as a supporting ma- 
terial to prepare the thin film nanocomposite (TFNC) membranes. 
- Thin film: MPD/DACH in aqueous phase, TMC  in  organic  
phase. To form an active barrier layer, interfacial polymerization 
was car- ried out to form a polyamide layer on the PA6 nanofiber 
using 2% (w/v) MPD with addition of various amount of chiral 
active sub- stance in aqueous solution while 0.2% (w/v) TMC 
was used for preparation of organic solutions (hexane). The 
interfacial polymer- ization reaction for the membranes was 
carried out under the same conditions as drying (5 min), curing 
time (10 min) and temperature (100 °C). The reaction time for the 
MPD/DACH aqueous solution was 60 s, while 30 s for the reaction 
time of TMC organic solution. 
- Chiral active substance: DACH. As the active substance playing the 
role of the chiral selector for chiral drugs, DACH, in variable amounts 
was used. 
 








The commercially available film (PE/PP), used as the support, 
was covered by micromaterial prepared by electrospinning. The 
large spe- cific surface area has been stabilized by lamination and the 
stable tissue thus obtained used as the polymeric support material for 
the interfacial polymerization process. The active layer was 
prepared by interfacial 
polymerization using a solution of MPD in water with addition of 
10–50% of chiral selector (cs) - DACH (calculated on total diamine). The 
organic phase was prepared by dissolving TMC in hexane. The sup- 
porting membrane was immersed in the aqueous and then in the organic 
phase, and the preparation process was finalized by subsequent thermal 
treatment, resulting in the chiral membrane [20]. 
The quality of the membrane depends on a number of factors: pri- 
marily the concentration of solutions, the contact time of the fabric with 
both solutions and the conversion of the reaction at the interface. 
Finally, membranes with excellent material properties (mechanical 
stability and flexibility) were prepared. The membranes were denoted 
on the basis of cs content: 10%cs, 20%cs, 30%cs, 40%cs and 50%cs. 
 
1.1. Experimental set-up, mode and evaluation terminology 
2.3.1. Preferential sorption 
The preferential sorption of D, L-Trp is depicted in Fig. 2. The ex- 
periments were performed in dark glass bottles. 50 mL of D, L-Trp (the 
racemic mixture) in water (cTrp = 0.01 M) were put in contact with a 
membrane (time = 0) and were agitated at 25 °C on a GLF 3005 rotator 
at 130 rpm. The active area of the chiral membrane was 9 cm2 with 
average thickness 0.4 mm. The solution - 1 mL - was sampled at regular 
time intervals and analysed by high-performance liquid chromatog- 
raphy  (HPLC).  UltiMate3000  spectrometer  (Thermo  Scientific) was 
used,  equipped  with  a  Chiralpak  ZWIX(+)  (250x 3  mm,  ID,  3  μm) 
column (Diacel). The mobile phase composed of 98% MeOH and 2% 
H2O, containing 50 mM of formic acid (HCOOH) and 25 mM of dieth- 
ylamine (Et2NH) as a buffer. The flow was isocratic at the rate of 0.5 mL 
min-1, total run time of analysis was 25 min. The peaks of both enan- 
tiomers were detected by a UV diode-array detector at 254 nm. Using the 
calibration curve, the concetrantions of each enantiomers were deter- 
mined. The complete series of membranes, with different percentages of 
incorporated CS, was tested. 
2.3.2. Pertraction 
Pertraction experiments were carried out in a closed, circular stain- 
less steel cell of 5.8 cm diameter and 6 cm length. In the middle, the cell 
was divided into two chambers by a membrane, anchored in a stainless 
 
Fig. 2. Preferential sorption of tryptophan racemic mixture(D-enantiomer in 
blue, L-enantiomer in red). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
steel disc. The layout of the cell is shown within the scheme of the 
pertraction set-up in Fig. 3. Experiments were performed at a 
constant temperature   of   25   
0
C,   maintained   by   recirculating   
cooler/chiller pumping EtOH through the double wall of the cell. 
The membrane was cut to the desired size immediately preceding the 
experiment, using a round punch of 3 cm diameter, then fixed 
between two parts of the disc with screws. The cell was then closed 
from both sides and the chambers were filled with a stripping solution 
(deionized water) and feed solution (2M aqueous D, L-Trp) 
simultaneously, so that the pressure was kept equal on both sides 
of the membrane. Both chambers were equipped with a PTFE-
coated magnetic stirrer and constantly stirred using external 
rotating magnets. The samples for analysis of the composition were 
extracted through septa from the feed (1 mL) and permeate side of the 
pertraction cell (1 mL) at regular time intervals by disposable sanitary 
syringes; with higher frequency at the beginning of the experiment (0, 
5, 15, 30, 60 min), then at longer time intervals, depending on the 
rate of separation. The sampling was first performed from the 
stripping solution, then from the feed. While the sample was taken, 
another needle was stuck through the septum to prevent a pressure 
change in the chamber. Samples were then analysed by HPLC as 
described above. 
The amounts of D- and L-Trp transported through the membrane 
were determined according to Eqn. (1), where flux, J (mol⋅cm-2⋅h-1), is 
defined as 
J = Q/At (1) 
where Q (mol) represents the amount of transported Trp, A (cm2) stands 
for the active membrane area, and t (h) is the time. The permselectivity 
(α) is defined as the flux ratio (JD/JL) and in case that feed solution was 
Trp racemate the permselectivity is defined in Eqn. (2). 
α = JD /JL (2) 
 
 
1.2. Analysis and characterization of the membrane materials 
The membranes, fresh and used, were analysed by Fourier-transform 
infrared spectroscopy (FTIR) and characterized by scanning electron 
microscopy (SEM). An FTIR spectrometer Avatar 360 (Nicolet) was used 
to measure IR spectra of samples in the range of 508 and 4000 cm-1 
(resolution 1.93 cm-1, 200 scans, 1 s per scan). FTIR in ATR mode was 
used to obtain spectra from the membrane pressed against the ZnSe 
crystal. An SEM (Tescan Indusem) was used to image the surface 
morphology (top view) of the membranes and their cross-section. Im- 
aging was carried out with an accelerating voltage of 15 kV. A thin layer 
of gold was sputtered on the membranes to impart better conductivity to 
the samples. Samples for cross-section imaging were prepared by 
immersing the partially cut membrane into LN2 followed by fracturing 
into two pieces. The necessary drying of samples prior the measurement 
resulted in cracks on the superficial layer. SEM images were manually 
processed by a measuring tool, which is standard part of Tescan soft- 
ware, in order to determine a diameter of nanofibers. Fifty nanofibers 
were measured and the average was evaluated statistically. 
 
2. Results and discussion 
2.1. Scanning electron microscopy observations 
As-prepared membranes were characterized by SEM. Fig. 4 A shows 
the cross section and Fig. 4 B shows the detailed top view SEM micro- 
photograph of the membrane with 20%cs. The carrier fabric of the 
membrane  is about  430  μm thick (Fig. 4  A). The fabric  has a micro- 
fibrous structure with fibers of ~15 μm diameter and this support is 
responsible for the good mechanical properties of the membrane. On top 









Fig. 3. Pertraction set up. 
 
Fig. 4. (A) SEM cross section microphotograph 
of  the  as-prepared   membrane  with   20%cs, 
composed   of   PE/PP   bicomponent   
nonwoven fabric with diameter around 15 μm. 
The mem- brane thickness varies between 400 
and 450 μm. 
PA6   nanofibers,   where   MPD/TMC  +   chiral 
selector (DACH) was introduced in different %, 
form the top layer with thickness around 3.5 μm. 
(B) SEM top view micrograph of as-prepared 
membrane with 20%cs. On top of PA6 nano- 
fibers, a thin submicron layer is formed, 
comprised    of    MPD/TMC +    chiral    selector 





thickness of about 3.5 μm. These values are practically the same for all 
tested membranes. The top view of the membrane (Fig. 4 B) shows the 
nanofibrous structure of PA6 with fibers of ~250 nm diameter. These 
nanofibers impart the material with a superior dispersion. The top view 
 
revealed a complete coverage of nanofibers by a thin layer. It is 
composed  of  compact  material,  MPD/TMC  +  chiral  selector  
DACH playing the main role in the separation process. The thickness 
of this 




Fig. 5. HPLC spectra: racemic mixture of D, L-Trp, time zero, (left), mixture of D, L-Trp after a preferential sorption of L-Trp, 110 days, membrane with 50% of chiral 







nanofibers originates from the drying process of the membrane, which is 
inevitable for placing the membrane into the SEM. 
A top view of the original membrane without any chemical treatment 
(Fig. 4C) shows detailed image of PA6 fibers with diameter from 100 to 
250 nm. The average diameter of nanofibers is 150 nm. 
 
1.1. Preferential sorption experiments 
The preferential sorption experiments of D, L-Trp by membranes 
with various amounts of cs were monitored by HPLC analysis. Fig. 5 
shows two exemplary spectra of a Trp solution. Both images reveal the 
peak at retention time 15.5 min, attributed to D-Trp, as well as the peak 
at 18 min linked to L-Trp. The left spectra of Fig. 5 gives similar peak 
areas of two Trp enantiomers, with area ratio close to 50:50 D:L form, 
illustrating the composition of the racemic mixture which is present at 
the start of the preferential sorption experiments (i.e., t = 0). During the 
course of the sorption experiments, for the membranes containing the 
chiral selector, the peak attributed to the L-enantiomer decreased, while 
the peak of the D-enantiomer remained constant. Simply put, L-Trp was 
preferentially adsorbed in the membrane, while D-Trp was not. An 
example of the spectra with nearly depleted L-Trp is shown on the right 
side of Fig. 5. 
The evolution of the peak ratio matching the two Trp enantiomers 
relative to the experimental time is shown in Fig. 6. 
The increasing amount of chiral selector in membranes (from 0 to 
50%) is illustrated by an increasing intensity of the appropriate colour 
(L-Trp = red, D-Trp = blue). The peak areas correspond to the amount of 
enantiomer in the solution and it can be seen that the proportion of each 
enantiomer is changing and the gap between their percentages is 
growing. The membrane with 50%cs causes the largest gap between the 
area ratio of the enantiomers, and the membrane without cs the lowest 
one. That proves the highest selectivity in the preferential sorption ex- 
periments for the membrane with 50%cs, the lowest selectivity for the 
membrane without cs, and for the entire series: 0%cs < 10%cs < 20%cs 
< 30%cs < 40%cs < 50%cs. 
The diverging values of peak area ratio during the sorption experi- 
ments and the broadening of the gap between D- and L-Trp gave the base 
for enantiomeric excess values, presented in Fig. 7. This figure shows an 
increase of enantiomeric excess in time of preferential sorption with the 
amount of cs. In fact, L-Trp is preferentially adsorbed into all membranes 
where cs is present, while D-Trp remains in the solution during the entire 
experiment. This effect increases with an increasing percentage of chiral 
selector in the membrane: 0%cs < 10%cs < 20%cs < 30%cs < 40%cs < 
 
Fig. 6. Area ratio of HPLC peaks corresponding to D-Trp enantiomer (noted as 
“_D”  and  marked  as  blue  rounds  for  each  membrane)  and  L-Trp  
enantiomer (noted as “_L” and marked as red squares for each membrane) in a 
function of 
the time of the sorption process. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
 
 
Fig. 7. Dependence of enantiomeric excess on time of preferential sorption and 
of the amount of cs. 
 
50%cs. Therefore, for the chosen interval of %cs, the amount of adsor- 
bed L-Trp is proportional to the fraction of chiral selector in the mem- 
brane. Fig. 8 traces the peak area loss at the end of the preferential 
sorption experiments comparing to the ones at t = 0 as a function of %cs 
in the membrane’s top layer. The sorption activity of all membranes was 
negligible towards the D-enantiomer, although the sorption of L-Trp 
correlated to an essentially linear trend with increasing fraction of cs in 
membrane. 
 
1.2. Pertraction experiments 
 
3.3.1. Pertraction of tryptophan 
An enantiomeric separation of the model chiral drug D, L-Trp was 
performed during 1 month in diffusion cells in the pertraction mem- 
brane process (see Table 1). Fig. 9 describes the ratio D-Trp and L-Trp 
concentrations at the permeate side, for whole series of membranes at 
4th day, again the series of membranes at 6th day etc., for the duration 
of the pertraction experiment. The values for D-Trp are in blue, those for 
 
Fig. 8. Preferential sorption activity of membranes towards D-Trp (blue 
rounds) and L-Trp (red squares) in a function of the amount of cs in the 
membrane’s top layer (in % versus one part of the top layer, described in the 
part of membrane preparation above). (For interpretation of the references to 








the L-Trp are in red, and deeper shades symbolize an increasing fraction 
of chiral selector (a lighter color for a lower amount of cs, a darker color 
for a higher amount of cs in the membrane etc.). The permeation of each 
membrane remains stable within the error of 2% during whole 
experiment. The separation ability of the membrane was increasing 
(similarly to the sorption process) as follows: 0%cs < 10%cs < 20%cs < 
30%cs < 40%cs < 50%cs. Corresponding final enantiomeric ratios were 
50:50, 59:41, 70:30, 82:18, 91:9 and 99:1. 
During pertraction experiments, Trp flowed through the membrane 
at a rate of 3.25 mmol m-2 h-1 during the first hour, and the flux de- 
clines to ~0.07 mmol m-2 h-1 during the last hours due to the decrease 
of the concentration gradient, which is the driving force of the separa- 
tion. In accordance with the preferential sorption, L-Trp was adsorbed 
proportionally to the fraction of the chiral selector in the active layer of 
corresponding membranes. However, a decreased amount of D-Trp in 
the feed was also observed. Here, the diverse behavior of the membranes 
towards each enantiomer during permeation underlines the crucial 
importance of the selector in the active layer17. The chiral recognition of 
enantiomers causes the retention of L-Trp in the membranes, while D- 
Trp passed through the separating material. The result of such perme- 
ation is an excess of D-Trp in the permeate, visible in Fig. 9. The excess 
was again proportional to the amount of the chiral selector in the 
membranes: 0%cs < 10%cs < 20%cs < 30%cs < 40%cs < 50%cs. Due to 
the exclusive membrane material, the retention of L-Trp in the mem- 
brane materials did not block the transport of D-Trp into the permeate 
during the entire experimental time. Moreover, only 50% of DACH in 
the active layer is required to achieve 99% enantioselectivity. 
1.1. Analysis of membranes by fourier-transform infrared spectroscopy 
Two membranes – one unused membrane, in “as-prepared” state and 
the “used” membrane after the 3 month sorption experiment - were 
analysed from both sides using FTIR. The spectrum of the top side 
covered by nanofibres corresponds to PA6 with pronounced amidic vi- 
brations at 1640 and 1540 cm-1. At 1715 cm-1, a weak valence vibra- 
tion of a carbonyl group (C=O) was observed. The shape of the 
spectra at 3300 cm-1 (not shown) indicates the presence of mainly 2° 
amides as 
there is only one band present. IR data thus indicate that this side of the 
membrane did not change during use, revealing a good stability of the 
material (Fig. 10). 
The spectrum of the bottom side of the as-prepared membrane 
(Fig. 11) shows amidic vibrations at 1640 and 1540 cm-1 with very low 
intensity.  On  the  other  hand,  C=O  group  vibrations  were  well  
pro- nounced  (1715  and  1240  cm-1).  After  the  usage,  the  C=O  
signal 
significantly decreases and the intensity of amidic vibrations remain the 
same. The shape of the spectra at 3300 cm-1 shows only the presence of 
2° amides; however, the intensity is much lower than for the top side of 
the membrane. The presence of halides was not observed (1780-1820 
cm-1). 
Figs. 10 and 11 indicate that the spectrum of the nanofibrous side of 
membrane can be clearly assigned to PA6. The polymerization of the 
chiral selector in the top layer is almost quantitative, leaving only a very 
small amount of residual free carboxylic acid units. This layer forms only 
a thin film on the nanofibers, and this side of the membrane remains 
 
Table 1 
The composition of D: L enantiomers in feed side and permeate side of per- 
traction cell after 29 days of the experiment. The composition at time 0 was 2.00 
mml/ml in feed side (60 ml) and 0 mmol/ml in permeate side (60 ml) of per- 
traction cell.  
 
Amount of Chiral 
selector (%) 
0 10 20 30 40 50 
Feed D: L (mmol/ 1.92 : 1.78 : 1.65 : 1.62 : 1.58 : 1.51 : 
ml) 1.84 1.64 1.40 1.38 1.29 1.22 
Permeate D: L 0.01 : 0.10 : 0.25 : 0.27 : 0.25 : 0.34 : 
(mmol/ml) 0.01 0.07 0.11 0.05 0:03 0.01 
 
 
Fig. 9. Ratio of D-Trp (in blue) and L-Trp (in red) concentration as a function of 
time in permeate side for all membranes. An increasing fraction of chiral 
selector in membranes is illustrated by growing intensity of colours. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
 
unchanged during the sorption process. 
At the bottom layer of the fresh membrane, well pronounced signals 
of a C=O group are clearly visible, indicating that the polymerization 
reaction at this surface takes place with rather low conversion, forming a 
defective resin. Nevertheless, residual halide signals can be observed, 
indicating that all the starting acid chloride was converted into amide or 
hydrolyzed to the corresponding carboxylic acid. After the membrane 
was used, the signals of carboxylic acid are diminished, probably due to 
gradual dissolution of these non-polymerized species into the permeate. 
Indeed, minor impurities were observed in the obtained chromatograms 
(see Fig. 5 (right) the unassigned peak). The spectrum of the layer, after 
the sorption process, corresponds to a compact polyamide layer. 
1.2. Mechanism of chiral recognition 
 
To complete the study, the role of the polyamide active layer in chiral 
recognition of Trp enantiomers was elucidated. The mechanism of chiral 
recognition has been conventionally described in terms of the three- 
point interaction model [29]. Although often challenged as too 
simplistic and not sufficiently general [30], the three-point model usu- 
ally provides a useful insight into the enantioselective binding geometry 
without the need of detailed computational modelling, and it has been 
frequently applied in an intuitive way to explain chiral separation in 
various systems [30]. 
In an attempt to explain the role of TMC + MPD/DACH PA6 active 
layer in chiral recognition of Trp enantiomers, a binding mechanism 
between (presumably zwitterionic) Trp molecules and the 
TM–DACH–TM moiety is proposed (Fig. 12). 
The three interactions required by the three-point model are 
assumed to be the following: (i) a π–π stacking between the aromatic 
rings of the indole and trimesoyl moieties possibly aided by N–H (Trp) … 
C=O antiparallel dipole–dipole interaction, (ii) the (Trp)–NH+3  … O–C 
interaction, and (iii) the (Trp)–CO–2 … H–N interaction. Interactions (ii) 
and (iii) between ionic and polar groups possess a variable degree of H- 
bonding character depending on particular bonding geometry; none- 
theless, in any case they involve a strong electrostatic ion–dipole 
component. In addition, the steric fit into the assumed binding pockets 
created within the polymeric structure of the selector has to be taken 
into account. 
For the (S,S) configuration of DACH, the spatial arrangement of 
interaction sites conforms to L-Trp, whereas D-Trp cannot simulta- 
neously engage in all bonds (i), (ii), and (iii), see Fig. 12. 
In order to provide the proposed intuitive model with stronger 









Fig. 10. FTIR spectra of membranes as-prepared and used, top side. 
 
 
Fig. 11. FTIR spectra of membranes as-prepared and used, bottom side. 
 
structures of the respective complexes of tryptophan and the selector 
fragment. The semiempirical PM6 method was used in the PM6-D3H4 
difference of ca 10 kJ/mol accounts for the marked preference of the 
selector to L-enantiomer. 
variant   of   Rezac  and   Hobza   [32]   designed   specifically   to   treat 
non-covalent complexes. 
Fig. 13 Shows the structures resulting from the PM6-D3H4 optimi- 
zation. One can see that the binding of L-tryptophan is in accordance 
with the proposed mechanism and involves all four interactions sug- 
gested, whereas D-tryptophan is only able to maintain two hydrogen 
bonds losing the alignment needed for a π–π stacked configuration. 
PM6-D3H4 in MOPAC2016 was also employed to calculate gas-phase 
heats of formation of the optimized complexes of L- and D-Trp with the 
selector fragment, yielding-531.00 and -520.97 kJ/mol, respectively, 
corroborating the assumed stronger binding in the case of L-Trp. The 
1. Conclusion 
A series of membranes was prepared and successfully applied in both 
sorption and pertraction experiments. The unique composition nano- 
&micro fibrous composition of the membrane material assures stability 
and superior dispersion of the active surface layer. The crucial part of the 
barrier is formed by the chiral selector, which was added in different 
proportions into the top layer. New membranes underwent sorption 
tests, soaked in an aqueous solution of the model chiral drug D, L-Trp. 








Fig. 12. The proposed chiral recognition 
mech- anism of Trp by TM–DACH–TM selector 
moiety in   the   TMC   +  MPD/DACH   
polyamide   active 
layer. Trimesoyl amide groups depicted with 
thinner bonds are farther from the observer, 
behind Trp molecule in its binding position. Left 
—  binding  of  L-Trp  to  the  selector;  right  — 
binding of D-Trp to the selector. Arrows indicate 
interactions  assumed  within  the three-point 
model: red (HB/qμ) — strong H-bonding and/or 
ion–dipole interactions; green (ππ) — a π–π 
stacking interaction; magenta (μμ) – an “auxil- 
iary”   dipole–dipole   interaction   in antiparallel 
alignment. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
 
 
Fig. 13.  Final geometries of the (L/D)-Trp–selector complexes resulting from PM6-D3H4 optimization. Left — L-Trp; right — D-Trp. Hydrogen bonds are drawn in 
magenta. Visualization was made by Visual Molecular Dynamics [33]. 
 
by HPLC analysis and revealed no sorption activity for a blank mem- 
brane – i.e., one lacking a chiral selector. On the contrary, the mem- 
branes containing the selector demonstrated preferential sorption 
activity towards one enantiomer. The sorption of L-Trp was found to be 
proportional to the fraction of the chiral selector in the active layer of 
the membrane, while an unchanged concentration of D-Trp was detec- 
ted in the solution during the entire testing time interval. In addition, an 
enantiomeric separation of the same model chiral drug was performed in 
by pertraction in diffusion cells. The preferential sorption of L-Trp from 
the feed underlined the crucial importance of the selector in the active 
layer to achieve chiral recognition of enantiomers. Due to the exclusive 
membrane material, the retention of L-Trp in the membrane materials 
did not block the transport of D-Trp into the permeate during the entire 
experimental time. Moreover, only 50% of DACH in one part of the 
active layer was sufficient to achieve an enantioselectivity of 99%. Fresh 
and used membranes were analysed by FTIR spectroscopy and charac- 
terized by SEM. The role of the PA active layer in chiral recognition of 
Trp enantiomers was elucidated. This study demonstrates that such 
membranes can be an effective tool for the separation of enantiomers. 
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Symbols used 
cs chiral selector 
DACH (S,S)-1,2-diaminocyclohexane 
Exp. experiment 
FTIR Fourier-transform infrared spectroscopy 
HPLC high-performance liquid chromatography 
J pervaporate flow 
m mass 
MPD m-phenylene diamine 
PA6 polyamide 6 
rpm rotation per minute 
SEM scanning electron microscopy 
TMC 1,3,5-trimesoyl chloride 
Trp tryptophan 
w mass fraction 
Δt time change 
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The “nanotechnology” has been introduced to literature by the Nobel Prize scientist Richard Feynman 
with his speech “There's Plenty of Room at the Bottom” in the meeting of the American Physical 
Society at Caltech, in December of 1959 [80].  He predicted that one day scientists would make things 
at the atomic level, and since then, nanotechnology builds upwards, and we are able to make them 
more precisely and controllable as we want. 
Nanofiber has been widely used in various applications due to its unique structure, surface properties, 
and functionality. There is significantly grown in both pilot and industrial-scale nanofiber production 
devices. Considering the high technical developments and advantages, nanofibers are expected to take 
part in a wide variety of markets. One application area that will receive countless benefits from these 
developments and will continue to profit in the future is nanofiber membranes in water treatment. 
Nanofibers have great potential in different water purification processes such as microfilters, UF, NF, 
desalination, distillation, and removal of microbial, heavy metals, dyes, and other toxic substances. 
Some of the technical obstacles of nanofibers, given in “Chapter 1-Main problems”, limit their 
application in the water domain area. 
In this thesis, first, we tried to determine the main obstacles and problem of nanofibers to apply to 
membrane technology, and then demonstrate some achievements to justify and improve existing 
research in the literature. This thesis suggests various approaches that have the potential to solve 
many of the problems introduced in “Chapter 1-Main problems”. 
This thesis discusses the role of nanofiber membranes that are suitable for use in water treatment in 
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